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ABSTRACT
This dissertation demonstrated that the manipulation of substances at the molecular or nanometer
level can lead to the discovery and development of new materials with interesting properties and
important applications. Chapter 1 describes the development of a nanoscale molecular thin film
material for corrosion protection. By using a self-assembled monolayer film with a thickness of
only about 1 nanometer as a linkage, a covalent bonding was achieved between a polyurethane
top coating and an aluminum alloy substrate. This covalent bonding between polymer top
coating and the aluminum alloy substrate significantly improved the corrosion resistance of the
substrate. Chapter 2 and Chapter 3 describe the development of a gold nanoparticle-polymer
composite material in different forms with a number of applications. Gold nanoparticles are
among one of the most extensively studied nanomaterials. When the size of gold is shrunk to the
nanometer scale, many interesting and new physical properties start to appear from gold
nanoparticles. The optical properties of gold nanoparticles, particularly the surface plasmon
resonance absorption, have been investigated in this dissertation for the development of
multifunctional nanocomposite materials. Chapter 2 presents the preparation of a gold
nanoparticle/poly(methyl methacrylate) (PMMA) nanocomposite film and the application of
such films for microstructure fabrication using a direct laser writing technique. Gold
nanoparticles are excellent photon-thermal energy converters due to their large absorption cross
section at the surface plasmon resonance region. Upon laser irradiation of the nanocomposite
film, the thermal energy converted from the absorbed photon energy by gold nanopaticles
induced a complete decomposition of PMMA, leading to the formation of various
microstructures on the nanocomposite films. Chapter 3 reports the further development of a
ii

nanoparticle/polymer composite nanofiber material fabricated through an electrospinning process.
The matrix of the nanofiber is made of two polyelectrolytes, poly(acrylic acid) (PAA) and
poly(allylamine hydrochloride) (PAH). Three methods were developed to incorporate gold
nanoparticles into the polymer matrix. The composite nanofiber materials developed in this study
demonstrate multifunctional properties, including good electrical conductivity, photothermal
response, and surface-enhanced IR absorption. This material may be used for many important
applications including catalysis, chemical and biological sensors, and scaffold materials for
tissue engineering. In Chapter 4, another most important nanomaterial, carbon naotubes (CNTs),
were introduced as fillers to prepare polymer nanocomposites. A dispersion method for multiwalled carbon nanotubes (MWCNTs) using a conjugated conducting polymer, poly(3hexylthiophene) (P3HT) as the third component and trifluoroacetic acid (TFA) as a co-solvent
was developed. Due to the excellent dispersion of carbon nanotubes in PMMA and enhanced
conductivity of the nanocomposites by the conjugated conducting polymers, the prepared
composite materials has an extremely low percolation threshold of less than 0.006 wt% of
MWCNT content. The potential use of MWCNT/conducting polymer composites for energy
storage applications such as suppercapacitors was further investigated by Cyclic Voltammetry
(CV), Electrochemical Impedance Spectroscopy (EIS) and charging-discharging cycles.
Compared to pure carbon nanotubes, the nanocomposite materials have significantly improved
properties and are promising for supercapacitor applications.
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CHAPTER 1. INTRODUCTION

All substances are originated from very small atoms (less than 1 nm). The manipulation and
tailoring of materials at such a small scale will allow us to gain a true control on the structures
and properties of materials. Modern science and technology have been advanced into such a
degree that the fabrication and characterization of materials at atomic level have become possible.
In the last few decades, numerous top-down and bottom-up approaches and techniques have been
developed to make materials with their structures and properties precisely controlled at
nanometer level. Molecular thin films (self-assembled monolayers and multilayer films),
nanoparticles, and carbon nanotubes are among the most interesting and extensively studied
nanomaterials. With the invention or further improvement of advanced characterization
techniques such as atomic force microscopy, scanning electron microscopy, transmission
electron microscopy, and many other analytical instruments, the study of materials has reached
into an unprecedented detailed level. The abundant knowledge obtained from these studies is
further accelerating the discovery and development of new materials. The increasing demand for
materials that can be used for biomedical applications, environmental protection and
conservation, energy storage and new energy resources will continue to be the driving force
behind the nanoscience and nanotechnology research. This dissertation focuses on the research
and application study of three types of nanomaterials: self-assembled molecular thin films;
nanoparticle/polymer composites; and carbon nanotube/polymer composites.
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Self-assembled monolayers (SAMs), first introduced by Zisman and coworker in 1946 1 , are
defined as ordered molecular assemblies formed by spontaneous adsorption of an active species
on a solid surface. Molecular thin films made from self-assembling process provide the needed
design flexibility both at the individual molecular and at the bulk material level. The applications
of SAMs range from advanced functional coatings, sensors, corrosion inhibitors, molecular
recognition, controlled crystal growth, to many other areas. In Chapter 1, the potential use of
SAMs for corrosion protection of an engineered aluminum alloy substrate was investigated. A
SAM was prepared from 3-aminopropyltrimethoxysilane on an aluminum alloy substrate
Al2024-T3 in polar solvents. The thickness of the molecular thin film was measured to be 11.3 
1.5 Å. Through this molecular thin film, a covalent bonding was formed between the top
polyurethane coating and the aluminum alloy substrate. This covalent bonding significantly
improved the adhesion between the polymer top coating and the metal substrate, leading to an
improved corrosion resistance of the metal.
Polymer nanocomposite material is the second focus of this dissertation research. Polymer
nanocomposites (PNCs) can be generally defined as materials made from the mixture of
nanofillers with a polymer matrix. The main attraction of PNCs is that the physical and electrical
properties of the composite materials can be improved dramatically by the addition of nanofillers.
Most polymers used in our daily life can be mass produced in large quantities with low cost.
However, polymers lack of some key properties that prevent their further extensive applications.
For example, it is well known that most plastics are electrically insulating materials. For any
applications that require the material to be electrically conductive, pure plastics will not be
suitable for such applications. The addition of a small amount of electrically conductive
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nanofiller, such as carbon nanotubes, can increase the electrical conductivity of many plastic
materials by orders of magnitudes. Nanofillers with other interesting properties may be added to
tailor and extend the other functions of polymers. As demonstrated in this dissertation research,
gold nanoparticles with an exceptionally large absorption cross section for visible light at 530 nm,
were introduced to different polymers to fabricate photoresponsive nanocomposite thin films and
nanofibers. For this type of reasons, nanocomposite is an area of intense scientific and industrial
research for the past few decades2. The number of the publication related to PNCs, including
articles and patents, has approximately doubled every 2 years since 1992 3. It was estimated by
recent market surveys that the global consumption of PNCs is about tens of millions of pounds
(~ $ 250M) with a potential annual average growth rate of 24%4.
Many types of nanomaterials, including various nanoparticles (metals, semiconductors, inorganic
ceramics, nanoclays, etc.), carbon nanotubes, grapheme sheets, have been used as nanofillers for
composite fabrication. In this present work, the preparation and property studies of gold
nanoparticle/polymer nanocomposites (Chapter 2), electrospun gold nanoparticle/polyelectrolyte
composite nanofibers (Chapter 3) and carbon nanotube/polymer nanocomposites (Chapter 4)
were discussed.
Gold nanoparticles are among one of the most extensively studied nanomaterials due to their
unique optical properties, excellent stability, chemical inertness, and non-existent or less toxicity.
In the study discussed in Chapter 2 and Chapter 3, gold nanoparticles were introduced as
nanofillers for polymer nanocomposite development. By doing so, the unique optical properties
of gold nanoparticles, such as the surface Plasmon resonance, are transferred to the
nanocomposites. Using this property, we developed a direct laser writing technique to fabricate
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microstructures on nanocomposite films (Chapter 2), and also a multifunctional nanofiber
material (Chapter 3) with high electrical conductivity, photothermal responsiveness, and
enhanced Infrared absorption. In Chapter 2, we fabricated a gold nanoparticle/poly(methyl
methacrylate) (PMMA) composite from a pre-synthesized oleylamine-protected gold
nanoparticle using a simple solution processing method. The resulting nanocomposites can
strongly absorb the photon energy at a wavelength of 532 nm due to the surface plasmon
resonance of gold nanoparticles. When irradiated with a continuous wave laser beam, microholes
were created on the surface of the polymer composite films owing to decomposition of PMMA
by the thermal energy converted by gold nanoparticles. When an automatic stage was used to
control the linear movement of laser source, expansion of gaseous species from decomposition of
subsurface polymer and fast cooling of the film surface gave rise to the formation of unique
microtunnel structures on the nanocomposite films.
In chapter 3, the geometry of polymer nanocomposite was further tailored using an
electrospinning technique. A gold nanoparticle/polymer composite nanofiber was obtained by
electrospining of a mixed polyelectrolyte solution, poly(acrylic acid) (PAA) and poly(allylamine
hydrochloride) (PAH) followed by in-situ gold nanoparticle formation A silver enhancement
was further applied to treat the gold nanoparticle loaded nanofibers. The prepared nanofibrous
composite materials

demonstrate multifunctional properties including high electrical

conductivity, photothermal response, and surface-enhanced IR absorption. This material may be
used for many important applications including catalysis, chemical and biological sensors, and
scaffold materials for tissue engineering.
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In Chapter 4, the work of using carbon nanotubes (CNTs) as nanofillers for polymer
nanocomposite fabrication is discussed. In the field of CNT nancomposite research, the
dispersion of carbon nanotubes uniformly into polymer matrices has been a long-standing
technical challenge. Due to the strong van der Waals interactions, carbon nanotubes tend to
bundle together. Even after carbon nanotubes are successfully dispersed in polymer matrices,
there is a tendency for CNTs to rebundle together after the material is process. This problem has
severely impaired the performance and function of CNT nanocomposites. A method for
achieving an excellent dispersion of carbon nanotubes in PMMA matrix was developed in this
dissertation research using a conjugated conducting polymer, poly(3-hexylthiophene) (P3HT) as
a third component and trifluoroacetic acid (TFA) as a co-solvent. Due to a good dispersion of
CNTs in the polymer matrix, we observed an extremely low percolation threshold of less than
0.006 wt% of MWCNT content. A low percolation threshold is important to lower down the cost
of manufacturing of nanocomposites. Furthermore, the introduction of conjugated polymer in the
nanocomposite system has brought additional functions to the nanocomposite materials
developed in this study. The potential application of carbon nanotube/conjugated polymer
nanocomposites for supercapacitors was also investigated in this study. Preliminary results
pointed out that the overall performance of the CNT/conducting polymer nanocomposite as a
supercapacitor electrode material is improved significantly compared to using CNTs or
conjugated conducting polymer alone.
Overall, this dissertation research demonstrates that the control and manipulation of materials at
nanometer scale is extremely important towards the development of new materials with tailored
functions. Nanocomposites represent one of the broadest research areas that will most likely have
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the first and widest wave of impact to the manufacturing industry. Although many challenges
remain in this field, more extensive applications of nanomaterials including nanocomposites in
medicine, engineering, environmental protection and conservation, new energy resources, will
occur well within the foreseeable future.
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CHAPTER 2. SELF-ASSEMBLED MONOLAYER FOR ADHESION
IMPROVEMENT BETWEEN POLYURETHANE COATING AND
ALUMINUM ALLOY SUBSTRATE
2.1 Abstract
A good adhesion between a polymer coating and a metal or metal alloy substrate such as Al
2024-T3 plays a critical role in corrosion protection of metal substrates. In our study, a selfassembled monolayer film of 3-aminopropyltrimethoxysilane was formed on Al alloy 2024-T3
substrate by covalent bonding. The adhesion property of a self-priming polyurethane coating was
evaluated by pull-off adhesion test, wet tape test and thermal cycling test. All the testing results
indicate that both dry and wet adhesion property of the polyurethane coating was improved
significantly after APS treatment of Al 2024-T3 in polar solvents such as methanol and acetone.
In nonpolar solvents such as hexane, the APS treatment led to inconsistent improvement or
sometime decreased adhesion of polyurethane coating. X-ray photoelectron spectroscopic study
revealed that while a monolayer film was formed on the aluminum alloy surface after treating the
substrate with APS in methanol and acetone, a multilayer film was formed on the substrate
surface when the treatment was conducted in hexane. The APS monolayer film served as a
covalent bond linkage between the polymer coating and aluminum alloy substrate, which led to
the increased adhesion property of polymer coating and corrosion resistance of the metal alloy
substrate.
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2.2 Introduction
2.2.1 Corrosion Issue of Aluminum Alloy 2024 T3
Corrosion is a common phenomenon. Public and private water companies have to treat water
routinely to minimize the corrosion in the distribution lines and home plumbing systems.
Automobile manufacturers need to take a great effort to develop and design materials with good
corrosion resistance. Corrosion is a more serious problem for the aircraft industry. The cost of
corrosion maintenance for Air Force in 1997 is $800 million a year according to the report of Air
Force Corrosion Prevention and Control Office, and this figure was even higher in 20015. The
reason is that the light weight but high strength metal alloys (mainly aluminum alloy) used for
aircraft manufacturing are very susceptive to corrosion. One of the most widely used materials
for the aircraft skin is aluminum alloy 2024 T3.
The alloying elements in aluminum alloy 2024 T3 are Cu (3.8-4.9 wt%), Mg (1.2-1.8 wt%), Mn
(0.3-0.9 wt%), Si, Fe, Zn, Ti and Cr6. During alloy processing, the solid solution of aluminum
alloy was quenched as a function of time and temperature. Those elements separated
progressively from the solid solution matrix as Cu rich zones, called secondary phase particles.
Mainly, two major second-phase particles (or intermetallic compounds) are formed in aluminum
matrix, the S phase (Al2CuMg) with typical dimension 1–4 mm and a round or oval shape and a
larger Al6 (Cu, Fe, Mn) (5–20 mm) phase with an irregular shape 7 . S phase comprising
approximately 61% of all second phase particles and 2.7% of the alloy surface area. At ambient
temperature, the movement of dislocation is hindered by the Cu rich zones and the strength of
the alloy is increased. However, the Cu-rish phases also make the aluminum alloy very corrosion
susceptible. Aluminum matrix and the associated intermetallic particles can form internal
31

galvanic cells that cause localized corrosion. Increased efficiency of O2 and H+ reduction
reactions in the presence of copper increases the corrosion rate of Al8.
The corrosion process can be explained by electrochemistry theory. A corrosion cell is formed
when corrosion starts occurring. The corrosion cell is made of three components: the cathode,
anode and electrolyte. A corrosion cell is active when ions start moving between cathode and
anode within a thin layer of electrolyte formed on the metal surface. Water is an important
component to form the electrolyte that transports ions and oxygen to complete the electrical
circuit. Typically a coating system is applied to the metal alloy substrate to delay corrosion by
preventing oxygen, water and ions from being transported to the metal surface. However, water
can still diffuse into the coating matrix through defective areas and accumulate at the interface to
form corrosion cells 9 (see Figure 2-1). With the proceeding of corrosion, the coating will be
delaminated due to corrosion products build-up, which in turn, will further speed up the
corrosion process. If an excellent adhesion exists between the polymer coating and metal
substrate, the polymer coating cannot be easily delaminated and the corrosion process should be
suppressed significantly. In this chapter, the method for improving the adhesion and further
increasing the corrosion protective ability of the coating system will be investigated.

32

Figure 2-1 Schematic illustration of corrosion cells formed at interface between organic coating
and metal alloy surface

2.2.2 The Problem of the Existing Protective Coating System for Aluminum Alloy 2024 T3
Chromate Conversion Coating (CCC) is currently used as surface treatment on aluminum alloy
to promote good adhesion of organic coatings and corrosion resistance of the substrate. In order
to form CCC, the degreased aluminum alloy substrate is immersed in chromic acid bath at the
presence of HF or NaF, which facilitates the nucleation of CCC. CCC is formed via a redox
process involving the oxidation of aluminum by chromate HCrO4- in the acid bath10, as shown in
scheme 2-1.
Al ↔ Al3+ + 3e-

E0Al3+/Al = -1.71 V/SHE

HCrO-4 + 7H+ + 3e- ↔ Cr3+ + 4H2O

E0 HCr4- /Cr3+ = -1.71 V/SHE

Scheme 2-1 The reaction for chromate coating formation

As a result, a double-layered coating made of Cr2O3 is grown on the substrate: a relative thick
porous layer separated from the aluminum substrate by a thin and dense barrier layer. The porous
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layer with a high surface energy promotes a good adhesion. In addition, the releasing of Cr (VI),
which is trapped in Cr2O3 layer during film formation, will further passivate the substrate locally.
Cr (VI), however, is a carcinogen in the list of Environmental Protection Agency11. Health and
environmental considerations have led to legislative limitations on their continued use. Therefore,
there are pressing needs to develop new surface treatments to replace this adhesion promoting
and corrosion protective layer in near feature.

2.2.3 Other Methods Used for Improving Adhesion of Organic Coatings on Aluminum Alloy
2024 T3
The adhesion can be improved by mechanical interlocking, inter-diffusion of chains, electrical
interaction or chemical interaction. Among those methods, the formation of covalent bonding
between the polymer coating and metal substrate provides the strongest interaction. It is well
known that hydrated hydroxyl groups exist at the surface of metals, oxides which are in
equilibrium with atmospheric moisture. Therefore, a range of approaches has been reported to
improve the adhesion by developing covalent bonds between the polymeric coating and the
hydroxyl groups on aluminum substrates.12 One of the most commonly used molecules for this
purpose is bifunctional organosilane compounds such as trichloro-, trimethoxy- or
triethoxysilanes

8a

. The silane moieties will first hydrolyze into hydroxysilane, which in turn

condenses into a polysiloxanes network between hydroxysilanes and hydroxyl groups from the
metal alloy surface. At the same time, the functional group at the other end of the silane
molecule, such as vinyl, chloropropyl, epoxy, methacrylate, amino or mercapto groups, can form
chemical bonds with polymeric coatings. The organosilane can be applied on aluminum by
aqueous sol-gel process 8b or absorption from 3-10 % silane solution (water-methanol mixture or
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methanol as solvent)

8c, 8g-8i

. The silane molecules randomly react with each other to form a

crosslinked thin film on the metal substrates (see Figure 2-2). Using a sol-gel process, Donley et
al. developed a self-assembled nanophase particle material for corrosion protection of Al 2024T3 8k.

Figure 2-2 The scheme illustrating a silane coating formed by random crosslinking
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2.2.4 Self-Assembled Monolayer
Another method for improving adhesion involves a self-assembled monolayer (SAM) technique
8l-8n

. Self-assembled monolayers are ordered molecular assemblies that are formed spontaneously

by adsorption of molecules with a strong affinity to a substrate8b, for example, by covalent
bonding. A major difference between SAMs and the coupling coating mentioned above is that
SAM has a closely-packed 2-D structure with a relatively uniform molecular orientation and
conformation.
SAMs can be grown from the solution or the gas phase. The ease of preparation and the low cost
make the solution deposition a more commonly used technique for SAM formation. Figure 2-3
shows the solution process of SAM preparation and its resulting structure13. The driving force for
SAM formation is the spontaneous chemisorption of the surface active groups of molecules onto
the substrate. The interaction among backbones of those molecules, such as van der Waals force,
helps bring them close to each other to form a densely packed thin film structure. The final
property of the monolayer surface is mainly determined by the tail groups of the molecules. The
strengths of SAMs lie in the flexibility of tailoring the surface properties by varying the
molecules and the versatility of the resulting functionalized surface, which can be used for
various applications, such as control of the wetting and adhesion, chemical resistance,
biocompatibility, molecular recognition, etc.
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Figure 2-3 Scheme for the formation of self-assembled monolayer from liquid solution (Ref.13,
copyright request)

2.2.4.1 Mechanism of Self-Assembled Monolayer Formation
The growth of SAMs can be divided into three steps14: (1) bulk transport; (2) surface adsorption;
(3) self-organization on the surface.

Bulk Transfer
The very first step for SAMs formation is the solution phase transport of adsorbate molecules to
the solid-liquid interface. Both diffusive and convective transport can be involved and gentle
stirring of the solution normally facilitates the bulk transport of molecules.

Adsorption
After the molecules are transferred to the vicinity of liquid-solid interface, a strong physicsorption interaction takes place. The molecules become trapped in the physisorption well of the
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surface for a relative long period of time. When the available thermal energy is sufficient to
overcome the barrier to chemisorptions, the physically absorbed precursors form chemical
bondings with the surface and remain in a stable state as shown in Figure 2-415. Clearly, for this
type of precursor-mediated route, the chemisorption rate is related to the population of
adsorbates and residence time. Studies have shown that the energy of physisorption has a simple
linear dependence on the chain length, while the effective height of the barrier and the
chemisortpion enthalpies does not show such dependence. It is also possible that a direct
chemisorption process of molecules exists. But the precursor-mediated route is actually the
dominant process for chemisorptions since the time of single elastic or inelastic surface
encounter is much shorter than the period that is held by physisorptions.

Figure 2-4 Schematic of interaction potential between decanethiol and bare Au (111) surface as
function of distance, as derived from measurements at low coverage (Ref.15, copyright request )
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Self-Organization on the Surface
The distinguished feature of SAMs is an evolution of the molecular order as the adsorption
progresses and the surface coverage increases. For this self-organization process, Schwartz10
proposed a stepwise isothermal path illustrated by a quasi-equilibrium 2Dphase diagram as
shown in Figure 2-5. This phase diagram include (a) a low-density “vapor” phase in which
isolated, adsorbed molecules are randomly deposited on the surface, (b) an intermediate-density
phase, so called “liquid” phase, which describes the disordered state of molecules or the ones
lying flat on the surface, (c) a high density “solid” phase in which uniform molecular orientation
and conformation of standing molecules is obtained.

Figure 2-5 Schematic quasi-equilibrium 2D-phase diagram for a generic SAM system (Ref.14,
copyright request)
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Depending on the temperature, the growth of SAMs may go through two qualitatively different
process indicated by the lines at temperature T1 and T2 in the phase diagram. If the temperature is
lower than the triple point, for example T1, the growth procedure will be similar to the one
shown in Figure 2-6a, which is analogous to the traditional mechanism for crystal nucleation and
growth from a vapor phase precursor. The process starts from a dilute vapor phase. With an
increase of the population of adsorbed molecules, the solid phase domains nucleate and grow,
surrounded by isolated molecules in the vapor phase. The fully covered monolayer will be
obtained eventually by the coalescence of these solid phase domains. When the temperature
increases, a liquid state will occur before the vapor phase is transformed to the solid domain,
suggesting a more complicated route as shown in Figure 2-6b. The liquid phase will start to
nucleate and grow as a certain surface concentration of molecules is reached. After the vapor
phase is completely converted to liquid phase, a second transition takes place, involving
nucleation, growth and coalescence of solid phase islands surrounded by the liquid phase.

Figure 2-6 Cartoons depicting typical sequences of a self-assembled monolayer structure during
growth below (A) and above (B) the triple poin (Ref.14, copyright request)
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2.2.4.2 Self-Assembled Monolayer for Corrosion Protection
An advantage of self-assembled monolayer film for corrosion protection is that it can improve
the barrier property and adhesion at the same time. Molecules used for this type of studies are
typically long chain bifunctional hydrocarbon molecules such as phosphoric acid derivatives 8l-8n.
The phosphoric acid groups are adsorbed on the substrate by electrostatic interactions, and the
functional groups are exposed to the surface for covalent bonding with polymer coating 8m, 16. In
self-assembled monolayer, molecules are oriented perpendicularly or aslant relative to the
aluminum substrate to form an ordered and closely packed thin film structure. Because of the
hydrophobic nature of the hydrocarbon chains, the monolayer should exhibit certain degree of
barrier properties towards corrosion accelerants such as moisture and electrolytes. This property
has been observed from one of our recently published work 17 on a few different alkylsilane
monolayer film-modified Al 2024-T3 as well as work reported by other groups 18. Also because
of the highly ordered structure, the number and density of functional groups exposed to the
surface is very high and a large number of covalent bonds between the film and polymer coating
can be expected. As a result, the adhesion between the polymer coating and metal alloy substrate
should be increased significantly through the covalent bonding with the bifunctional selfassembled monolayer films.
We herein report the use of 3-aminopropyltrimethoxysilane (APS) to improve the adhesion
between a self-priming polyurethane coating and Al 2024-T3 substrates. Ideally, the film will be
formed on the aluminum alloy surface by a hydrolysis/condensation reaction of silanyl groups,
and the amino functional groups from the monolayer are expected to form the covalent urea bond
with polyurethane coating as shown in Figure 2-7. Although the self-assembled monolayer films
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of APS and similar compounds have been reported on a large variety of substrates9, 18, their
application on aluminum alloy substrate is very limited, partially due to the complex structures
of these alloys. From this study, we found that the surface cleaning protocol and the solvents
used for self-assembled monolayer formation play a critical role in the film structure. When the
film formation was conducted in polar solvents such as methanol and acetone, a monolayer film
was formed and a significant adhesion improvement between polyurethane coating and
aluminum alloy substrate was obtained. In contrast, when the film formation was conducted in
nonpolar solvents such as hexane, a multilayer film was formed and this multilayer film led to no
improvement or even decreased adhesion between polymer coating and aluminum substrate.

3-aminopropyltrimethoxysilane (APS)

Figure 2-7 The proposed procedure for the self-assembled monolayer of APS between the
coating and Al alloy substrate
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2.3 Experiments
2.3.1 Preparation of Aluminum Alloy 2024 T3 Panels
The Al 2024-T3 panels (4.4×6.0 cm) were purchased from Q-panel (Cleveland, OH). Two
different protocols, phosphoric acid treatment and sand paper polishing19, were used to clean the
panel surface for APS treatment.

2.3.1.1 Phosphoric Acid Treatment (Deoxidation)
The panels were cleaned by sonication in hexane three times. Each sonication was lasted for 15
minutes. After cleaning, each panel was immersed in a phosphoric acid solution (1-propanol,
35%; 1-butanol, 25%; deionized water, 22%; phosphoric acid, 18%) for 2 minutes and then
rinsed with deionized water to remove residual acid. A nitrogen flow was applied to dry the
panel. The panels were then placed in APS solution for film formation.

2.3.1.2 Sand Paper Polishing
The panels were polished with 600 grit sand papers (average particle size 16 m) on one side.
Then the panels were rinsed with hexane and then sonicated in hexane three times. Each
sonication was lasted for 15 minutes. After drying with a nitrogen flow, the panels were placed
in APS solution for film formation.
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2.3.2 Self-Assembled Monolayer or Multilayer film Formation
The pretreated panels by phosphoric acid solution or sand paper polishing were immersed in a 1
mM solution of 3-aminopropyltrimethoxysilane (APS) from Gelest Company. The SAM
formation was conducted in hexane, acetone and methanol, respectively. All the solvents used in
the study were High Performance Liquid Chromatography grade. The solution was gently stirred
for 48 hours. The panels were then taken out of the APS solution and sonicated in corresponding
pure solvents 2-3 times, with each time lasting 5 minutes. The panels were dried by a nitrogen
flow. Panels that were pretreated by phosphoric acid deoxidation or sand paper polishing were
immersed and stirred in pure solvents without APS for 48 hours as control samples.

2.3.3 Application of Polyurethane Coating
A two-component self-priming polyurethane 03-GY-374 (DEFT Company) was used as the
coating. The two components were mixed together by equal volume just before use. The coating
was then sprayed onto the APS-treated and control panels. The coated panels were set for one
hour in the air to allow solvent to evaporate and then placed in an oven at 70 ºC for overnight to
allow complete drying of the solvents.

2.3.4 Characterization
2.3.4.1 Contact Angle Measurement
Immediately following the SAMs formation, the contact angle of the modified aluminum alloy
panels was measured by First Ten Angstroms 125 processor tension meter using deionized water
with a conductivity of 18 MΩ•cm. For each panel, five contact points were randomly chosen for
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contact angle measurement. The reported contact angle was an average from five panels (total 25
data points).

2.3.4.2 Scanning Electron Microscope (SEM)
The aluminum alloy panels were coated with an Au film by an Emitech Magnetron Sputter
Coater before imaging in order to avoid electric charge build-up. The panels were then observed
by a JEOL JSM-6300 SEM at an accelerating voltage of 15 kV.

2.3.4.3 X-Ray Photoelectron Spectroscopy (XPS):
XPS experiments were carried out on a VG ESCALAB 220i XPS system equipped with an Al
K source (h = 1486.6 eV). The base pressure of system is 4.0 Pa. For XPS measurement, the
pass energy of the analyzer was fixed to 100 eV. The binding energy scale of spectrometer was
calibrated by using Au 4f7/2 = 84.0 eV and Cu 2p3/2 = 932.67 eV. The thickness of APS film
was calculated according to the attenuation equation20:

d    sin( )  ln(

I Al0 I Si

 1)
I Si0 I Al

(1)

Where IAl and ISi is the intensity of Al 2p and Si 2p peak respectively from XPS spectrum of
0
sample panels modified with APS film; I Al is the intensity of Al 2p from the unmodified panels;

0
ISi

is the intensity of Si 2p peak from pure APS multilayer film; d is the thickness of APS film; 

= 40.5 Å is the effective attenuation length of Al 2p photoelectron in APS (calculated using a
computing tool provided by National Institute of Standard and Technology Electron Effective45

Attenuation-Length Database version 1.1)21; and  = 90 is the electron emission angle, here is
normal to the sample surface.

2.3.4.4 Adhesion Property Test:
Pull-Off Adhesion Test
The pull-off adhesion was tested using an Elcometer 106 Adhesion Tester. After the coating was
sprayed on the modified aluminum alloy substrates, a dolly with 20 mm diameter was placed
directly on the wet coating surface and a pressure was applied by placing a weight (3 kg) on the
dolly. The coated panels were set at ambient condition for 4-5 hours to allow the solvent to
evaporate off. Then the panels were placed in an oven at 70 oC for 12 hours. The adhesion tester
was used to apply a force to pull the dolly off and the adhesion property of the polymer coating
was examined visually. Photos from the tested areas of the panel were taken with a Nikon
Coolpix990 Super high-Performance 3 x Zoom digital camera. For each type of sample, five
panels were tested.

Wet Adhesion Test
The edges of the coated panels were protected by 3M scotch tape and the protected panels were
immersed in deionized water. After 24 hours, the panels were taken out and cross-scratched by a
multiple tooth cutter from Gardco Paint Adhesion Test Kit. A pressure sensitive tape, Permacel
99 (Permacel, a Nitto Denko Company), was pressed on the cross scratched area and then peeled
off. The extent of the coating loss was examined visually to evaluate the adhesion property.

46

Photos from the tested areas of the panel were also taken by a Nikon digital camera. Three panels
for each type of sample were prepared and tested.

2.3.4.5 Thermal Cycling Test And Electrochemical Impedance Spectroscopy (EIS) Study
A CorrocellTM (Fenner and Associates) were used to conduct the thermal cycling test as shown in
Figure 2-8. The coated panels were placed inside the testing cell. The cell was filled with a dilute
Harrison’s solution (0.05 wt% NaCl and 0.35 wt% (NH4)2SO4). The temperature of the testing
cell was controlled by a BarnantTM temperature controller with a type J thermocouple probe.
Three thermal cycles were applied. Each time the temperature of the cell was raised to 80 degree
Celsius, equilibrated for 30 minutes, and then cooled down to room temperature. EIS spectra
were collected after each cooling step. EIS measurements were performed using Gamry CMS300
System with PC3 Potentiostat. A three electrodes-system was arranged by inserting a platinum
counter electrode and a silver/silver chloride reference electrode in the solution and tested
samples as working electrode. The scanning frequency range was from 10000 to 0.05 Hz with
10mV (RMS) applied AC voltage with open circuit mode. The exposure area for testing was
33.16 cm2. After three cycles, the panels remained in the dilute Harrison’s solution for additional
three days at room temperature. The extent of corrosion was then examined visually. Photos
from the tested areas of the panels were taken by a Nikon digital camera. Two panels were
prepared for each sample.
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Figure 2-8 The CorrocellTM system for the thermal cycling test

2.4 Results and Discussion
2.4.1 Contact Angle Measurement Study
In coating industry, surface preparation is an important step in the painting process. The different
surface morphology and surface energy of the Al alloy as a result of surface pretreatment
protocols could have substantial impact on the adhesion properties of polymer coating with metal
substrates. A good surface treatment not only eliminates the weak points for adhesion but also
changes the surface properties so that a better adhesion may be achieved. In our study, two
different surface pretreatment protocols, sand paper polishing and deoxidization, were
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investigated 22. These two methods impart quite different properties to the Al alloy surface. Sand
paper polishing removes the outer porous oxide layer of Al alloy. The roughness of the surface
was increased after sand paper polishing, as seen from the scanning electron micrograph (Figure
2-9). A rough surface can be expected to enhance the mechanical interlocking between the
coating and substrate 22.

(a)

(b)

(a)
(a)

Figure 2-9 SEM image of deoxidized panel (a) and paper polished panel (b)

Figure 2-10a presents the contact angle measurement results from bare aluminum alloy panels
(without any surface treatment except cleaning with hexane three times), sand paper polished
control and APS-modified panels after sand paper polishing. When the aluminum alloy panel
was only cleaned by hexane, the contact angle of the surface was determined to be in the range
of 60-70º. The surface of a pure aluminum is mainly a hydroxide film with a two-layer structure:
an inner layer that consists of a crystalline oxide---hydroxide of aluminum AlO(OH) (boehmite),
and an outer layer of Al(OH)3 with a loose crystalline structure22. During the polishing process,
the outer loose layer was eliminated. However, because the surface energy of the inner and outer
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layer is the same, the contact angle remained almost the same after sand paper polishing. After
modifying the panels in APS solution, the contact angle decreased to 10o, 32o, and 18o for panels
modified in hexane, acetone, and methanol, respectively. It has been noticed that the water
contact angle of APS-treated surfaces varies significantly from lower than 20o to 60-70o,
depending on the substrates and the surface treatment conditions

21

. Our results corroborated

with these previous findings.
Compared to sand paper polishing, the contact angles of the aluminum alloy surfaces pretreated
with phosphoric acid solution followed by APS modification differ significantly (Figure 2-10b).
During the phosphoric acid treatment, the oxide layer of aluminum alloy is “dissolved” in the
acid solution and a thin layer of phosphate is formed on the surface

22

. As a result, the surface

energy of the aluminum alloy increases, as suggested by a contact angle of 28o for the deoxidized
control panel. After APS modification in different solvents, the contact angles of the Al alloy
surfaces fall in the range of 20-35º. For both sand paper polished samples and deoxidized
samples, the water contact angle of the substrates after APS modification in hexane is lower than
that obtained from acetone or methanol.
From the contact angle measurement alone, it is difficult to produce a clear model on the film
structure formed from APS molecules, mainly due to the complexity of the chemical structures
and surface morphology of the aluminum alloy substrate. Although it is expected that APS will
form a monolayer film on Al 2024-T3 as shown in Figure 2-7, this may not be always the case. It
was noticed previously that organoamine compounds have certain affinity and corrosion
inhibition effect for Al alloy substrates because of the coordination of amine compounds with
copper in the alloy 23. It is possible that the molecular orientation as shown in Figure 2-7 is
50

partially reversed in the film prepared in the present study. The exceptionally low contact angle
of the modified surface in hexane solution is noteworthy. Hexane is a non-polar solvent and
contains much less amount of water compared to acetone and methanol. During the APS
treatment process, a small amount of water is needed to catalyze the hydrolysis/condensation
reaction of alkoxysilane groups. In hexane, the hydrolysis reaction is significantly hindered due
to the low water content, leaving most trimethoxysilane groups unreacted. It was previously
noted by Kurth et al. that a low level of crosslinking of polysiloxanes network is associated with
a low water contact angle24.

(b)

(a)

Figure 2-10 Contact angle of Al alloy panels pretreated by sand paper polishing (a) phosphoric
acid solution (b). (1.Bare; 2. Deoxidized control panel; 3. APS modified panel in hexane; 4. APS
modified panel in acetone; 5. APS modified panel in methanol.)
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2.4.2 XPS Analysis
To further elucidate the film structure formed from APS in different solvents, we conducted an
XPS analysis on the APS-modified aluminum surfaces. Figure 2-11 is the XPS spectra of Al
2024-T3 surface modified with APS in hexane (a) and in methanol (b). From spectrum a,
distinguished Si 2p, N 1s peak as well as O 1s and C 1s peak can be identified, which indicates
the presence of APS molecules on the aluminum alloy surface. Furthermore, it was noticed that
the signal of Al (Al 2p and Al 2s) disappeared completely. The electron attenuation length of Al
2p photoelectron in APS is 40.5Å 24, therefore, the thickness of APS film formed on Al substrate
in hexane is at least 40.5 Å, which means the self-assembled film cannot be a monolayer film.
In spectrum b, other than the Si 2p, N 1s, O 1s and C 1s peaks from APS, Mg KLL, P 2p and Al
2p peaks were also observed. The P 2p peak comes from the residual of deoxidation pretreatment.
The fact that we can observe the Mg and Al peak suggests that the thickness of APS layer
formed in methanol is much thinner than the APS thin film formed in hexane. According to
attenuation equation (1), it was estimated that the thickness of APS layer formed in methanol is
around 11.3  1.5 Å (error estimated according to a general error range of photoelectron peak
intensity, which is around 10%). This number is close to the molecular length of APS (about 8.4
Å). Hence, we conclude that the APS layer formed in methanol on Al alloy substrate is indeed or
close to a monolayer film. The film thickness difference arising from the treatment of Al alloy
surfaces with APS in hexane and methanol may account for the difference in water contact angle
measurement.
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Figure 2-11 XPS spectra for a) the APS layer formed in hexane, b) the APS layer formed in
methanol (the substrate was treated by deoxidization procedure)

2.4.3 Adhesion Tests
After the monolayer formation, two-component self-priming polyurethane 03-GY-374 (DEFT
Company) that is generally used for aircrafts was spayed onto the APS modified surface. The
different adhesion tests were conducted: pull-off adhesion (dry adhesion) and cross-scratch test
(wet adhesion).
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2.4.3.1 Dry Adhesion
To study the adhesion property between polymer coating and metal Al substrate, we first
conducted a pull-off test. Normally, a dolly is bonded on the test area with epoxy adhesive and
then detaching the coating by applying a force perpendicular to the substrate. However, during
our experiments, a high rate of cohesive failure between the epoxy adhesive and the coating
surface occurred during pull-off adhesion test. To avoid this problem, a dolly was pressed
directly on the wet coating without using epoxy adhesive. The coating was then dried with the
dolly and then tested by the pull-off method. Even though cohesive failure of the coating itself
still occurred occasionally, the reproducibility of the test results was improved significantly.
The pull-off test results for sand paper polished samples are shown in Figure 2-12. Without APS
treatment, the adhesion of polyurethane coating to the substrate is very poor. Almost in every test,
the polymer coating was completely stripped off from the panel surface (Figure 2-12a) at a load
of 2 MPa. The mechanical interlocking between coating and roughened surface is not sufficient
to give a good adhesive interface. Once the panel surface was modified by APS, the adhesion
was improved significantly. At a load of 3.5 MPa, no significant loss of the coating was observed
from the APS-modified samples (Figure 2-12b to d). Beyond this load, a cohesive failure of the
polyurethane coating itself was observed. The force needed to break the interface between the
coating and substrate should exceed 3.5 MPa. It is interesting to note that panels treated with
APS in hexane and polar solvents all exhibited good adhesion property according to the pull-off
test.

54

Figure 2-12 Pull-off adhesion test results of sand paper polished: (a) control sample; (b) APSmodified sample in hexane; (c) APS-modified sample in methanol; (d) APS-modified sample in
acetone

The images of pull-off test results from the deoxidized samples are shown in Figure 2-13. The
adhesion observed from phosphoric acid-treated sample (Figure 2-13a) is much better than the
sand paper-polished samples. Only a very small percentage of coatings was stripped off by pulloff test. The isoelectrical point of the aluminum surface is around 9.3, which means after
treatment with phosphoric acid (pH < 9.3), the aluminum surface should be positively charged 13.
A charged aluminum surface enhances polymer adhesion. After APS modification, very different
results were observed. When the modification was conducted in hexane, it appears that such
modification even deteriorated the adhesion between polymer coating and substrate (Figure 2-
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13b). However, when APS modification was conducted in methanol or acetone, an improved
interface adhesion was achieved in both cases (Figure 2-13c and d).

Figure 2-13 Pull-off adhesion test results of deoxidized (right) Al alloy panels: (a) control sample;
(b) APS-modified sample in hexane; (c) APS-modified sample in methanol; (d) APS-modified
sample in acetone.

2.4.3.2 Wet Adhesion
The pull-off test can only compare the adhesion of dry coatings without external perturbation.
However, if extensive water exists, water molecules may pass through the coating, initiate the
corrosion and eventually lead to the delamination of the coating. If a covalent bonding exists
between the coating and Al alloy substrate, we may expect that water cannot easily accumulate at
the interface and delaminate the coating. To test if a covalent bonding linkages exist between
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APS film, polymer coating and aluminum alloy substrate as shown in Figure 2-7, a wet adhesion
test was further conducted.
For the control panels treated by either sand paper polishing or deoxidization, the wet adhesion
property is very poor. After immersion in water for 24 hours, the coating layer was almost
completely stripped off by a tape (Figure 2-14a) for sand paper polished sample and Figure 215a for deoxidized sample). After modification by APS in hexane, the wet adhesion of both
samples (Figure 2-14b and 2-15b) remained very poor. However, after modification by APS in
polar solvents, methanol or acetone, the wet adhesion of both samples, sand paper polished
(Figure 2-14c and d), or deoxidized samples (Figure 2-15c and d), were all improved
significantly. Almost no coating was stripped off by tape after immersion in water for 24 hours.
Combining with the dry adhesion (pull-off) test results and XPS study, we conclude that APS
formed a self-assembled monolayer film in polar solvents on Al substrate. This oriented and
ordered monolayer film has led to the formation of a covalent bond linkage between
polyurethane coating and the Al substrates as shown in Figure 2-7. In contrast, for the control
samples and samples modified by APS in hexane, there is a lack of or insufficient covalent
chemical bonding between the coating and metal substrate and the adhesion between polymer
coating and metal alloy substrate is rather poor.
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Figure 2-14 Wet adhesion test results of sand paper polished Al alloy panels: (a) control sample;
(b) APS-modified sample in hexane; (c) APS-modified sample in methanol; (d) APS-modified
sample in acetone.

Figure 2-15 Wet adhesion test results of deoxidized (right) Al alloy panels: (a) control sample; (b)
APS-modified sample in hexane; (c) APS-modified sample in methanol; (d) APS-modified
sample in acetone.
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2.4.3.3 Thermal Cycling Test and Electrochemical Impedance Spectroscopy (EIS) Test
To further examine the adhesion property of polymer coating, we conducted a thermal cycling
test25. The thermal cycling test is to heat the coating and electrolyte solution to above 80 oC, a
temperature above the glass transition temperature of the polyurethane coating, and to allow a
large amount of water to penetrate through the coating to the interface. If there is no strong
adhesion between polymer coating and substrate, water can cause delamination of coating and
the appearance of so-called “blister” on the tested panel surface 26,27. Three cycles were used to
accelerate the failure of coating and the panels were examined visually for blisters.
For the sand paper polished control sample, many large blisters were observed after one cycle of
heating (Figure 2-16a). For the deoxidized control sample, a certain amount of blisters appeared
on the panel after three cycles of heating (Figure 2-16b). After APS treatment, different results
were observed from sand paper polished samples and deoxidized samples. For deoxidized
samples, almost no blisters appeared after three thermal cycling tests, independent of the solvents
used for APS treatment (hexane or acetone) (Figure 2-16c and d). For the sand paper polished
samples, the APS modification reduced the amount of blisters compared to the unmodified
control samples, but not completely (Figure 2-16e and f).
Hansen considers that blisters formed during thermal cycling are mainly due to the excess free
water accumulated at higher temperature that cannot diffuse out easily when temperature
decreases quickly
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. Increasing the permeability of the coating can help eliminate blister

formation. In our study, the permeability of the coating is the same for all the tested samples.
Therefore, the blister formation observed here should be associated with the adhesion property of
the polymer coating-metal alloy substrate. By considering all the test results, we conclude that
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deoxidization pretreatment combined with APS monolayer formation in polar solvents such as
acetone or methanol has resulted in a much improved adhesion between polymer coating and Al
alloy substrate.

Figure 2-16 Thermal cycling test results of: (a) sand paper polished control sample after one
thermal cycle; (b) deoxidized control sample after three thermal cycles; (c) and (d) deoxidized
and APS-modified sample in hexane (c) and acetone (d) after three thermal
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Figure 2-17 Equivalent circuit of the coating/SAM/Aluminum alloy system (Rs: solution
resistance; Rc: coating resistance; Cc: coating capacitance; Rsl: SAM layer resistance; Csl: SAM
layer capacitance

EIS measurement was also conducted on the coated control sample (without APS layer) and the
coated sample modified in acetone) to evaluate the protective ability offered by the coating and
APS SAMs. The equivalent circuit in Figure 2-17 can be used to visualize the EIS data. The low
frequency end of the Bode curve (Figure 2-18) gives the value of the resistance provided by the
protective layer since the path with capacitance is blocked. From Bode plots of EIS results, it is
easy to find out that all the coated panels that have been modified by APS possess resistance one
or two magnitude higher than that of the ones without APS modification (control samples) before
cycling. Because the coating thickness was intentionally chosen to be close to each other, the
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additional protection should be provided by APS SAMs. After the thermal cycling, the resistance
decreased due to the degradation of the coating. But the APS modified panels still have higher
resistance. Therefore, it is reasonable to conclude that the protection property of SAMs can
remain the protection even after three thermal cycles. Moreover, large phase angles, 70 to 80,
are shown in the phase diagrams (Figure 2-19 b and d) almost at all the frequencies for the
coated panel with APS SAMs. It shows that the APS SAMs work more like capacitor in the
equivalent circuit, suggesting a good barrier property obtained from SAMs.

Figure 2-18 Bode spectra of EIS measurement

62

Figure 2-19 Phase spectra of EIS measurement

2.5 Conclusion
In summary, we demonstrated the use of an aminosilane molecule APS to modify the Al 2024T3 substrate surface and tested its effect on adhesion promotion between a polyurethane coating
and Al 2024-T3 substrate. From this study, it was found that the solvent used for the thin film
formation plays a critical role on the adhesion properties. When the APS treatment was
conducted in polar solvents such as methanol or acetone, a monolayer film was formed and a
much improved polymer substrate adhesion was obtained compared to the unmodified control
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samples. This good adhesion property was confirmed by all three different adhesion test methods
used in the present study. With a good adhesion between polymer coating and aluminum alloy
substrate obtained, a next step to improve the barrier property of the polymer coating will likely
lead to an organic coating system with enhanced corrosion resistance. On the other hand, when
the modification was conducted in hexane, inconsistent results were observed from different
adhesion test methods. The self-assembled monolayer or multilayer formation process on a
rough metal alloy surface is a rather complicated process and affected by many factors. Based on
the current study, the formation of multilayer film formed from APS treatment in hexane remains
unclear. Further study is needed to elucidate more details on this process.
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CHAPTER 3.
LASER DIRECT WRITING OF MICROSTRUCTURES
ON GOLD NANOPARTICLES / PMMA COMPOSITE FILMS
3.1 Abstract
A gold nanoparticle/poly(methyl methacrylate) (PMMA) nanocomposite film was prepared by
mixing pre-synthesized oleylamine-protected gold nanoparticles into PMMA solution. The
surface plasmon resonance effect of gold nanoparticles induces a strong absorption of photons at
532 nm to the composite film. When irradiated with a laser beam at 532 nm, the large photonthermal conversion efficiency of gold nanoparticles allows sufficient heat to accumulate inside
the composite film and raise the temperature of the surrounding polymer matrix above its
thermal decomposition temperature. Microholes were formed on the nanocomposite film due to
complete decomposition of polymers. When an automatic stage was used to control the linear
movement of laser source, expansion of gaseous species from decomposition of subsurface
polymer and fast cooling of the film surface gave rise to the formation of microtunnels. A
comparative experiment carried out with a commonly used organic dye, rhodamine 6G,
demonstrated that gold nanoparticles are much more efficient on photon energy absorption and
thermal energy conversion than rhodamine 6G. In addition, similar laser irradiation experiments
conducted on nanocomposites made from polyethylene oxide, two-component epoxy resin and
polystyrene confirmed that the plastic deformation of the polymer plays an important role for the
generation of microtunnels.
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3.2 Introduction
Whereas the existence of gold can be dated back to the Stone Age, the extraction of gold started
in the 5th millennium B. C. near Varna (Bulgaria). However, with the emerging of nanoscience
and nanotechnology, the discovery of gold nanoparticles challenged the conventional
understanding of gold. The general term “nanoparticle” includes small clusters or giant
molecules (fewer than 100 atoms in the size range around 1 nm) and larger particles consisting of
tens to hundreds of thousands of atoms and having a diameter in the range of a few to hundreds
of nanometers. Well before the identification of their sizes, “soluble” gold colloids have been
used for coloring glass and ceramics or even medical therapy since 5th century. However, the real
beginning of the chemistry of gold colloids was considered to be in 1857 when Michael
Faraday28 reported the preparation of a deep red solution of colloidal gold by reduction of an
aqueous solution of chloroaurate (AuCl4-) using phosphorus in carbon disulfide (CS2). The
optical properties of thin films prepared from dried colloidal solutions were studied as well and
reversible color changes of the films upon mechanical compression were observed. At the
beginning of the 20th century, Willhelm Ostwald 29 pointed out for the first time that the
properties of metal particles in the nanometer range are predominantly determined by surface
atoms.
Over the last two decades the study of gold colloidal and cluster has received an enormous
amount of attention. With the introduction of advanced characterization instruments, such as
transmission electron microscopy (TEM), the study of size- and shape-dependent properties and
applications of gold nanoparticles became possible. A much better understanding is also being
obtained on the interfacial properties and structures between substances. Since 1990, the number
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of publications for gold and silver nanoparticles has increased exponentially. The driving force
for this intensive investigation of gold nanoparticles is the discovery of many unique properties
of gold nanoparticles, which are dramatically different from the bulk. These properties include
surface plasmon resonance, size-dependent quantized charging effect, photothermal conversion
efficiency, surface enhanced Raman scattering and so on. If the nanoparticles are embedded in a
polymer matrix, those unique properties possessed by individual gold nanoparticles can be
further transferred to bulk composite materials for large scale applications. The polymer, on the
other hand, will help support and stabilize the nanoparticles for long term and practical uses.
In this chapter, a brief review on the synthesis and physical properties of gold nanoparticles,
preparation of gold nanoparticle/polymer composites will be presented. Among the properties of
gold nanoparticles, photothermal conversion is the focus of our research interest. This chapter
describes our work on the development of a direct laser processing method for microstructure
fabrication based on the photothermal conversion ability of gold nanoparticles embedded in
polymer matrices.

3.2.1 Synthesis of Gold Nanoparticles
Numerous methods for gold nanoparticle synthesis have been reported. Several comprehensive
reviews have been published to cover these methods in details 30, 31, 32 . Two main routes are
available: the physical and chemical processes. The physical route include those methods in
which gold nanoparticles are generated directly from bulk gold via atoms by various techniques,
while the chemical route involves the facile reduction of AuIII or AuI compounds to Au0 followed
by nanocrystal formation, passivation, and protection by a layer of organic ligands. These
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particles are also often called as monolayer-protected nanoparticles. A requirement for
nanoparticle synthesis is that the nanoparticles must be stabilized by molecules attached on their
surface or must be embedded in a solid or liquid matrix to control the particle size and also to
avoid particle aggregation. The mechanism of stabilization can be electrostatic repulsion or steric
hindrance. Nanoparticles can also be generated in-situ in the polymer matrix to achieve
thermodynamically favored bulk materials. The surface property of gold nanoparticles plays an
important role in their further application development. The following is a brief summary of
various methods for the chemical preparation of monolayer-protected gold nanoparticles. The
methods that have been employed in our research are described with more details.

3.2.1.1 Citrate Reduction
Turkevitch33 first introduced in 1951 the citrate reduction of HAuCl4 in hot aqueous solution. Till
now, citrate reduction is still a facile method to prepare gold nanoparticles with controlled size
ranging from 16 to147 nm. In this method, the citrate ligand functions as both the reduction
agent and the protective ligand as shown in Figure 3-1a. Since this method results in gold
nanoparticles with a rather loose shell and the nanoparticles are stabilized by charge repulsion, it
is difficult to synthesize citrate-protected gold nanoparticles with a high concentration (<0.01M).
Moreover, they are susceptible to the attacking of high ionic strength substances.
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Figure 3-1 An illustration of (a) citrate protected and (b) alkanethiol protected gold nanoparticles

3.2.1.2 The Brust-Schiffrin Method
Inspired by Faraday’s two phase reaction system and combined with the techniques of ion
extraction and monolayer self-assembly, Brust 34 et al., reported a new two phase method to
synthesize monolayer protected Au nanoparticles. The approach used stronger alkanethiol
ligands rather than citrate to stabilize the gold core. The Au-S bonding is so stable that the
nanoparticls can be repeatedly isolated and redissolved in common non-polar organic solvents
without irreversible aggregation or decomposition. In this experiment, AuCl-4 was transferred
from aqueous solution to toluene by a phase-transfer reagent and reduced with aqueous sodium
borohydride in the presence of dodecanethiol (C12H25SH). Upon adding the reducing agent, the
organic phase changed the color from orange to deep brown within a few seconds, indicating the
formation of nano-sized nanoparticles (see Figure 3-1b). The reaction was kept for additional
three hours to improve the size distribution of the nanoparticles. The overall reaction is shown as
follow:
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AuCl4 (aq) + N(C8H17)4 (C6H5Me)
-

+

N(C8H17)4 AuCl4 (C6H5Me)
+

mAuCl4 (C6H5Me) +nC12H25SH(C6H5Me) + 3m e
-

-

-

4m Cl (aq) + [Aum(C12H25SH)n](C6H5Me)
-

Scheme 3-1 The Brust-Schiffrin synthesis of alkanethiol-protected Au nanoparticles

The size of gold nanoparticles can be adjusted by varying the ratio of thiol ligands: AuCl-4 and a
maximum average core diameter of 5.2 nm can be obtained at a ratio of 1:6. The reducing agent,
sodium borohydride, leads to an efficient and fast reduction of gold salt. But the amount of
nuclei is so large that the maximum size of nanoparticles is reduced. The strong Au-S covalent
bonding also limits the maximum size of gold nanoparticles obtained by this approach.
Except for alkanethiolate ligands, various functional thiol compounds can be used to make
functionalized gold nanoparticles. For instance, applying p-mercaptophenol as the protective
liqand leads to the synthesis of gold nanoparticle to take place in a single phase system using
alcohol as the solvent35. Moreover, different from alkyanethiolate that is typically hydrophobic,
thiol molecules with oligo(ethylene glycol) units are water soluble and neutral in charge. Since
gold nanoparticles protected by this type of ligands show non-specific binding to biological
entities and are very stable in high electrolyte solution, they are very attractive for biomedical
application. Other sulfur containing ligands have also been used as protective ligands, such as
xanthates36, disulfides37, 38, etc.
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3.2.1.3 Organoamine Protected Gold Nanoparticles
Alkyl- and organo-amine have also been reported as suitable ligands for the synthesis and
stabilization of gold and silver nanoparticles. Gomez39 et al revealed that Au (I) complex could
undergo decomposition with alkylamines to form amine-protected gold nanoparticles. Osterloh40
and Aslam41 published separately the synthesis of nearly monodispersed amine-protected gold
nanoparticles using an oleylamine ligand. Diamine containing oxyethylene linkage was also used
to prepare gold nanoparticles both in water and chloroform by Sastry’s group 42. In addition,
amino/siloxy bifunctional molecules were used to produce gold nanoparticles with siloxy
functionality 43 . A silica shell was subsequently grown on the surface to form core-shell
structured nanoparticles.
In our research, we used the oleylamine-stabilized gold nanoparticles to prepare a nanoparticlepolymer composite material. The oleylamine-stablized gold nanoparticle has several advantages
compared to citrate and thiol ligands-protected nanoparticles.
(a) Simple synthesis procedure. Similar to citrate, amine itself serves as the reducing agent
and protective liqands. Therefore, only a simple single-phase one-pot reaction is involved
in the synthesis.
(b) Good stability of nanoparticle product. The synthesized nanoparticles can be dried for
storage and easily redispersed into organic solvents, whereas citrate-stabilized gold
nanoparticles cannot. The preparation of gold nanoparticle solution with much higher
concentration than what can be achieved from citrate-stabilized nanoparticles is also
possible.
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(c) Good monodispersity and relatively large particle size. The size of gold nanoparticles
formed by amines ranges from 8-15 nm. Compared to thiol protected gold nanoparticles,
which typically have sizes smaller than 5 nm, organoamine-protected nanoparticles opens
up a larger window for application studies since the physical properties of gold
nanoparticles are size dependent. The size distribution of the nanoparticle product was
also found out to be better than that are obtained from the Brust-Schiffrin reaction.
(d) Possibility for large scale production. It has been demonstrated in our lab that it is
possible to synthesize gold nanoparticles with 300 ml volume.
A thorough study of the kinetic and mechanism of oleylamine protected gold nanoparticles was
carried out in our group44. It was concluded that (1) the amine ligands were oxidized into amides
when gold (III) was reduced and the amide ligands formed a hydrogen bonding network as a
protecting layer around the gold nanoparticles; (2) the nanoparticle growth follows a process of
thermal decomposition of large amine or amide-Au complex aggregates into smaller particles
and the recombination of these smaller particles into more thermally stable larger particles.

3.2.2 Gold Nanoparticle/Polymer Nanocomposites
Gold nanoparticles are generally too expensive to be used alone, despite their easy synthesis. For
most applications, gold nanoparticles are immobilized on a substrate or embedded in a polymer
matrix and the properties of gold nanoparticles are transferred to the nanocomposite materials.
Other than the cost issue, polymer matrices can fulfill several other functions45: (a) stabilizing
nanoparticles against agglomeration; (b) protecting nanoparticles against oxidation or
contamination; (c) providing the processability, such as solubility, film formation, thermal
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stability and so on; (d) further tuning the properties of nanoparticles by varying the properties of
the nanoparticle surface, interface and surrounding environment; (e) tailoring the geometrical
distribution of nanoparticles for special functions. With fabrication of polymer nanocomposites,
engineered materials possessing combined unique properties from nanoparticles and polymers
can be realized in a large scale. These materials can be used as light-stable color filters,
polarizers, ultra-low refractive index materials, nonlinear optical device, optical sensors, and so
on.
Preparative methods for metal nanopartilces/polymer nanocomposites generally fall into two
categories: the ex-situ or in-situ approach. For the ex-situ approach, gold nanoparticles are
produced by wet chemistry methods before immobilization into the polymer. The surface of gold
nanoparticles has to be protected by a monolayer as mentioned previously to avoid aggregation.
Another function of this surface layer is to modify the surface properties according to the
polymer matrix in order to achieve a good dispersion of nanoparticles in the polymer matrix. In
many cases, additional encapsulation by a polymer shell is employed to improve the
compatibility between the polymer and the nanoparticles. For instance, Lennoxs46 group reported
that gold nanoparticles protected by thiolated polystyrene macromolecules were able to form a
uniform dispersion in a polystyrene matrix by simple mixing.
In the in-situ approach, gold nanoparticles are generated from the respective gold precursors with
the presence of polymer using chemical reductions, photoreductions, thermal decompositions,
vapor deposition methods or sputtering47. In some special cases, the polymer is prepared from its
monomers together with the generation of gold nanoparticles. Normally, the typical chemical
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preparation processes for the in-situ approach follow one of the three steps as shown in Figure 3248.

Figure 3-2 Schematic illustrations of basic wet-chemistry preparation processes for metal
nanoparticle-dispersed polymer nanocomposites. (a) “dispersion process”; (b) “deposition
process”; (c) “immersion process”.(Ref. 48, copyright request)

(a) “Dispersion process”. The gold precursor is dispersed and reduced to nanoparticles in the
polymer solution.
(b) “Deposition process”. The mixed solution containing the gold precursor and the polymer
is deposited onto a substrate in the form of a thin film or others (such as fibers). Then the
reduction of the precursor takes place in the solid state of the composite.
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(c) “Immersion process”. The solid polymer material is immersed in the solution of gold
precursor. After the uptake of gold precursor into the polymer matrix by diffusion, the
reduction to nanoparticles occurs within the polymer.
Several parameters can be adjusted to vary the features of nanoparticles and morphologies of the
gold nanoparticles/polymer nanocomposites, such as the types of the precursors and polymers,
preparation methods and conditions, etc. As for the precursors, the degree of the hydrophobicity,
the steric effect and the types of counterions will influence the diffusion behavior of the
precursor species and their capability to interact with the polymer chains. For example, it was
reported by Selvan49 et al. and Spatz50 et al that, in the case of polystyrene-block-poly(ethylene
oxide) (PS-b-PEO) as the polymer matrix, the use of HAuC14 or LiAuC14 gave rise to different
particle sizes. The possible reason is that the Li ions have a better interaction with PEO blocks by
complex formation, leading to the formation of gold nanoparticles with a smaller size. In
addition, the selection of reduction methods also plays a role to the variation of the size of
nanoparticles. Potassium borohydride (KBH4) produces a faster reduction than sodium
borohydride (NaBH4) and, as a result, gold nanoparticles with a very small size and narrow
distribution were obtained. Photoreduction by UV irradiation, on the other hand, gave the
nanoparticles with a medium size distribution.
Another important aspect for achieving a good polymer nanocomposite is to choose a suitable
polymer matrix. Polymers with a medium molecular weight normally have reasonable viscosity
to ensure good diffusion of precursor ions in the polymer matrix and, at the same time, still
provide a good protection to the resulting nanoparticles. The properties of the polymer backbone
and side groups should also be considered. It was demonstrated that a hydrophobic backbone is
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good for the growth and stabilization of metal nanoparitlces since the nanoparticles have a better
interaction with the polymer 51 . The side groups can provide additional interactions with
precursors by ion pair or complex formation to control the distribution of precursor ions and the
nucleation sites throughout the sample. The ions can preferentially absorb onto a certain crystal
plane of the particles and direct their growth or serve as nucleation sites, resulting in an epitaxialtype nanocrystal growth. If block copolymers are used, the overall morphologies of the
nanocomposite and the spatial orientation of the nanoparticles can be further tailored.
Amphiphilic diblock copolymers may form spherical micelles, leading to morphologies as shown
in Figure 3-3. The nanoparticles generated in-situ can be incorporated in or outside the micelle
depending on the properties of the core polymer.

Figure 3-3 Different morphologies of nanoparticle-block copolymer nanocomposites involving
spherical micelle formation of amphiphilic block copolymers: (a) cherry morphology, (b)
raspberry morphology, (c) strawberry morphology, (d) proposed red currant morphology. (Ref.
45, copyright request)
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3.2.3 Physical Properties of Gold Nanoparticles
When the size of particles is reduced to the nanometer range, the most significant change of the
material is the increase of surface to volume ratio. For a gold nanoparticle with 55 atoms, which
has been well characterized by Schmid’s group, 42 atoms are actually on the surface,
corresponding to a surface to volume ratio of 0.763. The surface atoms have less adjacent
coordinate atoms and are chemically more reactive than interior atoms. They play an important
role on the physical properties of gold nanoparticls, such as low melting point, high catalytic
activity and surface plasma resonance effect. The nanometer size is another critical reason for the
pronounced physical property change of nanoparticles with respect to the bulk metal. When the
size of the nanoparticles is comparable to the de Broglie wavelength of the valence electrons, the
particles are subject to size-dependent quantization. The quantum mechanical rules, instead of
classical physical laws, should be used to describe their behavior.

3.2.3.1 Melting Point
At a melting point, materials undergo phase transition from solid state to liquid sate. In solid
state, rigid bonding cause stepped surfaces with high-energy edge and corner atoms, while in the
molten state the surface atoms are mobile and move around to minimize the surface energy,
leading to a more stable state. When the size of particles becomes very small, curvature effect
shows predominant influence to the change of melting point.
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Figure 3-4 Two bent chains of atoms showing schematically that surface atoms are more weakly
bound to their neighbors than the inner ones. Rc is the corner radius, decreased by the bending
(Ref. 52, copyright request)

As illustrated in Figure 3-452, the bonding between the atoms at a high curvature is bending and
the strength is decreased. As a consequence, the melting point decreases. Surface atoms are
especially exposed to the curvature effect. Therefore, it is reasonable to believe that the melting
of nanoparticles is dominantly determined by their surface atoms. When the size of nanoparticles
decreases, with more surface atoms and higher curvature, the melting temperature decrease
becomes more dramatic (see Figure 3-5)53.

Figure 3-5 Melting points of gold nanoparticles as a function of particle size (Ref. 53, copyright
request)
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3.2.3.2 Electrical properties
In a bulk metal, the valence electrons occupy energy bands instead of discrete levels and overlap
with its conduction bands, leading to a high conductivity. The electrons in nanoparticles, on the
other hand, are constrained in such small boxes so that they begin to occupy discrete energy
levels. The average electronic energy level spacing of successive quantum levels, called Kubo
gap, is given by

Where EF is the Fermi energy of the bulk materials and n is the total number of valence electrons
in the nanocrystal. If a gold nanoparticle has 1000 atoms, which correspond to a particle of 3 nm,
the Kubo gap would be 5-10 meV. Since the thermal energy at room temperature, KT, is ~25
meV, the 3 nm nanoparticles can be considered metallic (KT>

). However, at a lower

temperature or if the size of the gold nanoparticles continues to decrease, a band gap between
valence bands and conduction bands occurs, resulting in a size dependent metal-insulator
transition.
Single electron transition may also occur between a tip and a nanoparticle, causing the
observation of so-called Coulomb blockades26 if the electrostatic energy,

is larger

than the thermal energy. For a very small nanoparticle, the capacitance C becomes very small
and the single electron tunneling can be observed at a low temperature. With an additional
charge, a voltage U = e/C is produced, leading to a tunneling current I = U/RT = e/ (RTC), where

79

RT is the tunnel resistance. An ideal staircase resulting continuous single electron tunneling is
shown in Figure 3-6.

Figure 3-6 I-U characteristic of ideal single electron transport, where Coulomb blockade is
shown as the step function (Ref. 53, copyright request).

An extensive amount of research has been done to investigate the possibility of utilizing gold
nanoparticles as nanocapacitors. It was well known that the protective ligands on the surface of
gold nanoparticles impart them the double layer capacitance. Chen et al. obtained a value of
5×10-19 F for a gold nanoparticle of 2.2 nm in diameter and capped with butanethiolate. Li et al.
reported a capacitance of 1.13×10-18 F for a 3.2 nm gold particle capped with 3-mercapto-1,2propanediol. Chaki et al. found a capacitance of 1.6×10-18 F from a 3.7 nm particles capped with
dodecanethiols, and Toyota et al. obtained a capacitance up to 2.5×10-16 for a citrate-stabilized
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11 nm particle. The macroscopic double-layer capacitance of gold surfaces in an electrolyte is on
the order of 7–20 and 60–160 μF/cm2, for thiol-coated and naked surfaces, respectively.

3.2.3.3 Optical Properties
Gold nanoparticles exhibit several interesting optical properties, including surface plasmon
absorption, photothermal conversion, nanoparticle fluorescence, enhanced Rayleigh (Mie)
scattering, surface enhanced raman scattering (SERS) and nonlinear optical properties. Here, we
will emphasize their surface plasmon resonance and photothermal conversion properties.

Surface Plasmon Resonance
For metal nanoparticles such as gold and silver, the free electrons (d electrons) can interact
strongly with an incoming electromagnetic wave. The electrons are polarized with respect to the
heavier ionic cores of the spherical particles, causing a charge difference on the surface of
nanoparticles (see Figure 3-7). This charge difference further serves as a restoring force for an
in-phase oscillation of electrons. At a certain frequency, the electromagnetic wave becomes
resonant with the coherent electron vibration. A strong light absorption at this frequency is
observed. For nanoparticles, a larger potion of atoms is on the surface. These surface atoms alter
the boundary conditions for the polarizibility of metal nanoparticles and hence shift the
resonance wavelength to visible light region54.
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Figure 3-7 The illustration of surface plasmon absorption of spherical nanoparticles

Figure 3-8 shows some experimental results for the surface plasmon resonance absorption of
gold nanoparticles with different sizes55. It reveals several interesting characteristic features:
(a) The wavelength of the surface plasmon resonance absorption appears at around 520 nm
for gold nanoparticles with a diameter smaller than 20 nm. The position of the absorption
peaks is not significantly dependent on the particle size. The band width, on the other
hand, increases with the decrease of the size. In this size range, the nanoparticles are
much smaller than the wavelength. Only dipole oscillation contributes significantly to the
absorption. This is regarded as an intrinsic surface plasmon resonance.
(b) When the size of gold nanoparticles becomes larger, the absorption band starts to redshift, meanwhile, the band width increases. The higher-order modes of oscillation, not
only dipole movement, are responsible for the change. This phenomenon is called
extrinsic surface plasmon resonance.
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(c) If the particles size is extremely small (<3 nm), a sharp decrease of the surface plasmon
absorption takes place and it completely disappears for nanoparticles less than about 2
nm diameter due to the onset of quantum size effects.

Figure 3-8 UV-Vis absorption spectral characteristics of gold nanoparticles with different sizes
(Ref. 55, copyright request)

All of the phenomenon mentioned above can be well explained according to Mie theory and
other studies. Dating back to 1908, Mie, for the first time, explained the red color of gold
nanoparticles by solving Maxwell’s equation for an electromagnetic light wave interacting with
small spheres. With an appropriate boundary condition, Mie obtained a general expression for
extinction cross-section σext of the intrinsic surface plasmon resonance of nanoparticles.

 ext 

9V m3 / 2
 2 ( )

c
[ 1 ( )  2 m ]2   2 ( ) 2
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Where V is the particle volume, ω is the angular frequency of the exciting light, c is the speed of
light, and εm and ε(ω)=ε1(ω)+iε2(ω) are dielectric functions of the surrounding medium and the
material itself respectively. When ε1(ω)= -2εm, there is a maximum value for σext if ε2 is small
and weakly dependent on ω. This is the resonance condition for nanoparticles with a size smaller
than 20 nm. However, from the equation, it seems that the extinction coefficient is independent
of the size, which is not consistent with the experimental results shown in Figure 3-8. It has been
proposed by Kreibig and Von Fragstein56, 57 that the dielectric constant of nanoparticles itself
becomes size dependent since electron-surface scattering is enhanced in such small nanoparticles.
The mean free path of electrons in gold is about 43 nm. If the size of the nanoparticle is smaller
than that, the electrons will travel freely though the bulk and become scattered mostly at the
surface boundary. By this random scattering, the coherent motion of electrons is partially or
completely lost. Therefore the absorption becomes weak and finally disappears if the size is too
small. Another reason for the disappearance of the absorption band is that the electron density in
the conduction band becomes very small when the quantization effect starts to predominate. The
corrected expression for dielectric constant is ε(ω)=εIB(ω)+εD(ω), where εIB(ω) is an interband
term and εD(ω) is a Drude term considering only the free conduction electrons. The Drude term58
is given as

 D ( )  1 

 p2
 2  i

where ωp2=ne2/ε0meff is the bulk plasmon frequency expressed in terms of the free electron
density n and the electron charge e. ε0 is the vacuum permittivity and meff is the electron effective
mass. γ is introduced as a phenomenological damping constant35, 36.
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 (r)   0 

A F
r

Where  0 is the bulk damping constant, including electron-electron, electron-phonon and
electron-defect scattering in the bulk material. The second term

A F
in this equation represents
r

the electron-surface scattering in nanoparticles. A is a theory-dependent parameter which is
dependent on the details of the scattering process and  F is the velocity of the electrons at the
Fermi energy. As shown in Figure 3-9, the value for

A F
drops quickly before 20 nm,
r

indicating a strong 1/r dependence of bandwidth for nanoparticles with a size smaller than 20
nm 59 . This modeling result is consistent with the experiment results and provides a good
explanation on the size dependent properties of gold nanoparticles.

Figure 3-9 The curve for phenomenological damping constant (Ref. 59, copyright request)
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If the particle size is larger than 20 nm, the change brought by electron-surface scattering is not
prominent as the case of smaller particles. Actually, the dipole approximation is no longer valid.
For larger particles, light can not polarize the nanoparticles homogeneously and high-order
multipole mode is more important. These higher order modes peak at lower energies and, as a
consequence, the plasmon band red shifts with increasing particle size.
Except for the size, the surface plasmon absorption also depends on the shape of the nanoparticle,
interparticle distance, the nature of the protecting organic shell, and the dielectric properties of
surrounding matrix.

Photothermal Conversion Property
It has been demonstrated experimentally and theoretically that gold nanoparticles can strongly
absorb photon energy at a certain wavelength due to the surface plasmon resonance effect. For
20 nm nanoparticles, the molar extinction coefficient was measured to be on the order of 1×109
M-1 cm-1, which is three to four orders of magnitude higher than those of strong absorbing
organic dye molecules33. In addition,

gold nanoparticles

are

very stable against

photodecomposition compared to dye molecules. Therefore, gold nanoparticles are considered
excellent photon absorbants. After the photon energy was absorbed by gold nanoparticles, there
are normally two ways for the nanoparticles to release the energy to the environment: radiative
and non-radiative decay. The radiative decay involves releasing the absorbed energy as photons
that possess different energy from the incident lights, the so-called photoluminescence. The
origin of the photoluminescence was attributed to the radiative recombination of an electron-hole
pair. It was reported that photoluminescence of gold nanodots has a low quantum yield of 10-4 to
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10-5 for very small particles (<5 nm) and completely absent in larger nanoparticles (>15 nm)60.
Therefore, non-radiative decay (thermal decay) of energy is actually a major route for gold
nanoparticles to release the absorbed photon energy. The dynamic process of this type of energy
transfer includes three steps: electron-electron thermalization, electron-phonon relaxation and
then phonon-phonon coupling (heat release to the surrounding medium) 61, 62, 63, 64, 65 .
The whole excitation and relaxation process is illustrated in Figure 3-1032. If a wavelength of 620
nm (photon energy of 2.0 eV) was used to irradiate the electron, a portion of electrons are
excited to electronic levels that are 2.0 eV higher than Femi level. The new distribution of
excited electrons in the conduction band of nanoparticles are shown in Figure 3-10b. This nonequilibrium distribution of electrons will reach a new Fermi electron distribution with a higher
electron temperature through electron-electron scattering within the electron gas. This electron
thermalization time is experimentally measured to be around 500fs using a rate equation model
derived by Sun66 et al. As a result, a temperature difference between the electron gas and the
lattice can be built up. Electron –phonon collisions then lead to a relaxation of the hot electron
and give rise to a thermal equilibrium between the electrons and lattice. The thermalized
electrons will fully decay back to their original state by phonon-phonon scattering, leading to
complete cooling of nanoparticles. The relaxation time for the last two steps, electron-phonon
and phonon-phonon coupling, is around 100 ps67.
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Figure 3-10 Schematic illustration of electron distribution in the conduction band of
nanoparticles. (a) Before laser excitation; (b) Excitation with a laser at a photon energy of 2 eV.
(c) Cooling of the electrons. The curves represent the distributions of electrons during the
relaxation process of the electrons (Ref. 54, copyright request)

Using a pulsed laser beam, the electron temperature can easily reach several thousand Kelvins.
As mentioned previously, the melting temperature of gold nanoparticles decreases to several
hundreds degree Celsius when the particle size is small. Therefore, the lattice temperature of
gold nanoparticles after laser irradiation can be higher than their melting temperature, resulting
in size reduction68, 69, 70, 71, fusion72, 73, welding74, shape transformation75, phase transition76 of
nanoparticles. When a continuous laser source is used, only nanoparticle agglomeration was
observed77 , 78.
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The different phenomena observed after a pulsed and continuous wave laser irradiation is due to
the fact that heating and cooling of the electron lattice of the nanoparticles are two competing
processes. In the case of a femtosecond laser pulse, the photon energy is condensed into an
extremely short time period. The electron lattice of the nanoparticle is heated up so fast that the
thermal energy does not have enough time to dissipate to the environment since the phonon
relaxation (cooling) of the lattice takes place in a longer time scale (picosencond). As a result,
the temperature of the nanoparticle itself is raised to exceed the melting point. For a continuous
wave laser source, the same amount of photons is absorbed by the nanoparticles over a stretched
period. The heating rate is now comparable to that of the cooling process and, hence, the thermal
energy converted from the absorbed photons is no long confined only within nanoparticles. As
matter of fact, the temperature of the adjacent substances is increased. In this case, nanoparticles
actually function as a good photothermal energy convertor and transfer the photon energy to the
surroundings.
A number of promising applications based on the photothermal conversion properties of gold
nanopariticles have been discovered and developed. Gold nanoparticles, with a much larger
extinction cross section, chemical inertness, potential noncytotoxic immunotargeting and the
stability against photobleaching, have been demonstrated as a good alternative to organic dyes
for photothermal imaging
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. Gold nanoparticles are also currently being explored for

photothermal destruction of cancer cells, bacteria and -amyloid plaques80. In this project, we
developed a new application of gold nanoparticles using their photon-thermal energy conversion
properties for laser ablation.
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3.2.4 Laser Ablation of Polymer for Micromachining
Since the work of laser ablation of polymers was reported by Kawamura81 and Srinivasan82 in
1982, the research in this field has greatly proliferated both in science and industry.
Manufacturing industry has been using laser ablation in many applications, such as microvia
drilling on integrated circuits (IC), inkjet printer nozzle drilling, hole drilling on fiber-optic
sensors for medical devices, micromachining of microfluidic channels, optical devices, MEMS
packaging and so on83.
Laser ablation of polymers is typically based on one of the following two mechanisms 84 :
photochemical and photothermal processes, or sometimes both. In photochemical process,
electronic excitation directly results in photolysis of polymer bonds, while photothermal process
involves the thermalization of the polymer due to electronic excitation, yielding thermally
broken chemical bonds. Laser ablation of various polymers have been studied, including
polyimide, poly(methyl methacrylate) (PMMA), polyethylenterephthalate (PET), fluoropolymers,
polycarbonate, etc. Among those polymers, PMMA is one of the most extensively investigated
polymers since it is commercial available and has been applied in many areas, such as packaging,
optical device and microfluidics fabrication85. Most significant absorption band of PMMA arises
from the n-π* singlet of the ester group (COOCH3), which corresponds to a photon energy at
220-230 nm 86 . The extinction coefficient of this absorption band is 45-50 (L mol-1 cm-1).
Therefore, when irradiated by a laser with a wavelength below 260 nm, the polymer itself
absorbs the photons and photochemical decomposition dominates. The products are mainly
PMMA fragments. For a laser that has a wavelength longer than 260 nm, an external photo
absorber, normally molecular dyes, has to be added to improve the ablation behavior of PMMA.
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In this case, photothermal decomposition is the major mechanism and yields only monomers as
the product. Actually, molecular dyes have been used to improve the ablation performance of
polymers at all wavelengths since they have much larger extinction coefficient than that of
polymers 87 . The addition of molecular dye dopants can reduce the ablation threshold and
increase the quality of ablated features. For example, when irradiated with a nanosecond laser
source at the same laser fluence, a smooth ablation was found from IR 165-doped PMMA , while
only slight disruption was observed on the surface of the undoped PMMA88. A laser induced
cavity with a rough surface (Figure 3-12) was later found to be created on the doped PMMA film
by a femtosecond Ti: sapphire laser (790 nm) at a laser fluence of 0.45 J/cm2.

Figure 3-11 An SEM picture of PMMA doped with 5% IR165 after illumination with a 30 fs
pulsed laserand laser fluence of 0.45 J cm-2 (Ref. 88, copyright request).

As one example of application, PMMA has been used for microfluidic fabrication by direct laser
writing 89 , 90 , 91 . For instance, with a powerful CO2 laser beam (maximum power: 25 W), a
microfluidic pattern was generated on pure PMMA film91. The cross section of the micropattern
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is shown in Figure 3-13. In order to form a sealed channel, the laser induced trench was covered
by thermally bonding the patterned substrate with a blank PMMA film at 120℃ for 30 min.

Figure 3-12 The close-up of a sealed channel carved with a 1.5W laser and at a stage moving
speed of 36 mm/s (Ref. 91, copyright request).

As we can see, for most existing laser ablation/writing processes, open channels or holes are
generated on the polymer or composite materials due to complete decomposition of polymer
molecules upon photoirradiation. A separate process is needed to seal the opening. In our study,
the absorption of photon energy and conversion to thermal energy by gold nanoparticles
embedded in a polymer matrix caused polymer decomposition at the subsurface layer of the
nanocomposite film, leading to formation of covered microtunnels, microwells and reservoirs on
the film by one-step laser irradiation. The efficiency of photon-thermal energy conversion
between gold nanoparticles was also compared with a generally used dye molecule, Rhodamine
6G, through experimental studies. In addition, the composite films made of different kinds of
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polymer matrixes were prepared and the resulting features created on the composite films after
laser irradiation were investigated.

3.3 Experiment
3.3.1 Film Preparation
(a) PMMA/gold nanoparticle composite film: 30wt% of poly(methyl methacrylate) (PMMA)
solution was prepared by dissolving PMMA powder (Aldrich, average molecular weight of
120000 g/mol) in tetrahydrofuran (THF). Oleylamine-protected gold nanoparticles with an
average core diameter about 10 nm were synthesized according to a reported procedure92, 93. The
nanoparticles were dissolved in THF at appropriate concentrations. Then the gold nanoparticle
solution was added into PMMA solution and the mixture was sonicated for 5 min to obtain a
good dispersion. The PMMA/gold nanoparticle solution was cast by a drawdown bar (Paul N.
Gardner Company, Inc) at 50 mils. Films with an approximate thickness of 250 m were
obtained after drying at least overnight in ambient conditions.
(b) Rhodamine 6G/PMMA film: The rhodamine 6G/PMMA solution with different
concentrations were prepared by dissolving certain amount of the Rhodamine-6G and 30wt% of
the PMMA powder into mixture solvent (THF: ethanol=8:1). The films were obtained by the
same way as mentioned above.
(c) Polystyrene/gold nanoparticles composite film: the films of polystyrene (Aldrich, average
molecular weight of 280000 g/mol) with oleylamine-protected gold nanoparticles were obtained
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by the same way that was used to prepare the PMMA/nanoparticle composite film (THF is used
as solvent).
(d) Poly (ethylene glycol)/gold nanoparticle composite film: Gold nanoparticles protected by 2(2-(2-methoxyethoxy)ethoxy) ethanethiol (EG3-SH) were synthesized according to the method
introduced in the literature 94 . 50wt% of poly (ethylene glycol) (PEO) (Aldrich, average
molecular weight of 14000 g/mol) was dissolved in deionized water. The gold nanoparticles with
EG3-SH protective ligands at appropriate concentration in water were mixed with the PEO
solution. The composite film was made in the same way as mentioned above.
(e) Epoxy/gold nanoparticle composite film: the EG3-SH protected gold nanoparticles dissolved
in toluene with appropriate concentration were added into the epoxy resin (Aldrich, epoxide
equivalent weight: 172-185). Appropriate amount of ethylene diamine (epoxide: amine=1:1) was
added into this solution and mixed well. The films were made by the drawdown bar method and
then cured by placing in an oven at 70 ℃ for 4 hours.

3.3.2 FIB and TEM Studies
A cross section of a PMMA/gold nanoparticle nanocomposite film (1.5wt% loading of gold
nanoparticles) was prepared using an FEI 200 TEM Focused Ion Beam instrument with a “liftout” technique refined by Giannuzzi et al. First, a platinum coating was deposited to cover a
narrow rectangular section of the particle surface, protecting this area from the focused ion beam
milling. Two deep trenches were then milled out on either sides of the coated section from top by
focused ion beam with 500 pA current (see Figure 3-14). In the middle, the cross section was cut
out and transferred onto a standing slot TEM grid. The sample was further thinned into electron
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transparency with a ~ 100 pA beam current from glancing angles, and then became suitable for
TEM analysis. Two cross section samples were prepared, one was taken from the surface and
one was taken from the deeper layer of the nanocomposite films.

Figure 3-13 FIB preparation procedure for obtaining cross sections of the polymer
nanocomposite. (a) Second electron image for transferring a precut cross section to TEM copper
grid; (b) Second electron image for a cross section that has been thinned down to electron
transparency; (c) TEM image of a cross section of the polymer nanocomposite.

3.3.3 UV-Vis Study
The UV-Vis absorption spectra of the composite films were collected by a Cary 300 UV-VIS
spectrophotometer using an accessory for thin film samples only.

3.3.4 Laser Irradiation
A continuous wave Nd:YAG laser with a beam size of 0.3 mm (Crystalaser LC) was used to
irradiate the films to create different microstructure. The output power of the laser can be
continuously adjusted from 8.5 mW to 100 mW. The micro-holes were formed by directly
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irradiating the film surface for a certain time without moving the film. The microtunnels were
created by moving the film linearly under irradiation of laser with a power of 30 or 50 mW. The
linear movement of the film was controlled by a syringe pump (Kd Scientific) at a speed of
5um/s.

3.3.5 Scanning Electron Microscopy (SEM)
The specimens were observed by a JEOL 6400 SEM at an accelerating voltage of 5 kV. The
specimens were coated with a Pt film by an Emitech Magnetron Sputter Coater before imaging
in order to avoid electric charge build-up.

3.4 Results and Discussion
3.4.1 Nanoparticle Dispersion of Polymer Matrix
The gold nanopartile/polymer nanocomposite film was prepared by the ex-situ approach. Gold
nanoparticles with an average core diameter of 10 nm were synthesized using oleylamine as the
reducing agent and protective ligands. The prepared gold nanoparticles then mixed with PMMA
solution with gentle sonification. A thin layer cross section of the nanocomposite film was cut
from the film by focused ion beam technique and examined by transmission electron microscope.
As shown in the TEM micrograph (Figure 3-15), gold nanoparticles are uniformly dispersed in
the polymer matrix. No large agglomerate was observed. The UV-Vis spectra (Figure 3-16) also
show that the dried composite film exhibited a strong absorption band at 532 nm, arising from
the surface plasmon resonance (SPR) of gold nanoparticles. This SPR band wavelength is the
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same as observed from nanoparticles dispersed in solution, suggesting that the nanoparticles are
not aggregated in the composite film. The calculated molar absorption coefficient of the gold
nanopartilces in the composite films is about 1.95 × 108 mol-1 dm3 cm-1. In addition, the
maximum absorbance at this wavelength increases almost linearly with increased concentration
of gold nanoparticles. Therefore, by varying the concentration of gold nanoparticles or the laser
light power, it is possible to control the energy that can be absorbed by nanoparticles and
transferred to the polymer.

Figure 3-14 TEM images of the cross section areas of a nanocomposite film (1.5wt% of gold
nanoparticles) taken from the surface (left panel) and the deeper layer (right panel) of the film

97

1.4

\

0.2wt% Au NPs
0.5wt% Au NPs
0.7wt% Au NPs
1.0wt% Au NPs
1.5wt% Au NPs

1.2

Absorbance

1.0
0.8
0.6
0.4
0.2
0.0
100

200

300

400

500

600

700

800

900

1000

-1

wavenumber (nm )

Figure 3-15 UV-Vis spectrum for PMMA/gold nanoparticle composite materials

3.4.2 Thermal Decomposition Study of Polymer Composite
The thermal decomposition condition of the nanocomposite films was studied by thermal
gravimetric analysis. The derivative thermogravimetry results were obtained by taking the
derivative of weight loss with respective to the degree of temperature. The PMMA film without
nanoparticles (solid line in Figure 3-17) has three distinct weight loss stages, around 200, 290
and 390℃. The shape of the curve is similar to the one reported in the literature for the PMMA
prepared from a free radical polymerization. The first decomposition takes place around 200℃.
The reason for this least stable step is not clearly determined. It may arise from the scissions of
irregular head to head linkage or decomposition of impurity in the sample. When the temperature
continues to increase, the scission of chain end vinyl groups starts to occur (around 290 ℃),
giving about 30% weight loss (Scheme 3-2a). The third stage shows a strongest peak in the
derivative curve and represents 60% of weight loss, which corresponds to the random carboncarbon scission (Scheme 3-2b). The intermediate products from the last two steps will
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decompose to generate monomers (Scheme 2-2c). Other byproducts decomposed through
different paths can also be found, such as CO2, CH4.
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Figure 3-16 TGA results for nanocomposite films with different concentration of gold
nanoparticles

The decomposition curve of PMMA/ gold nanoparticle composites have the similar profiles as
the pure PMMA film. There is no significant change when the composite films with 0.5wt% and
1.0wt% of gold nanoparticle were decomposed. However, with the addition of 1.5 wt% of gold
nanoparticles, the decomposition rate and weight loss (less than 10% compared to pure PMMA)
was decreased in second step, while an increased weight loss was observed at higher temperature.
The postponed decomposition in the second step suggests a possible stabilization of polymer end
chains by the gold nanoparticles. The complete decomposition of pure PMMA or composites
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with different content of gold nanoparticles occurred at almost the same temperature, around 450
degree Celsius.

(a)

(b)

(c)

Scheme 3-2 The reactions for the decomposition of PMMA. (a) the scission of chain end
vinyl groups; (b) the random carbon-carbon scission; (c) decomposition of the intermediate
products from (a) and (b).

3.4.3 Micro-Structure Fabrication
3.4.3.1 Microreservoir Drilling
When the composite films with different concentration of gold nanoparticles were irradiated by a
solid state continuous wave Nd:YAG laser with a beam size of 300 m, different phenomena
were observed. Figure 3-16 and 3-17 are the SEM images of the samples irradiated for 2 min at
50 mW and 100 mW respectively. Without nanoparticles added to the polymer, the control
sample (pure PMMA) exhibits no observable morphological change after laser irradiation
(Figure 3-18a and 3-19a) because at this wavelength, PMMA is completely transparent to the
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laser beam. For the composite films irradiated by 50 mW, most of them revealed a little change
of the film surface (Figure 3-18 b-e) while only the one containing 1.5 wt% gold nanoparticles
showed apparent decomposition of the film (Figure 2-18f). When the laser power was increased
to 100 mW, with 0.2 wt% of nanoparticles added to the polymer, a small deformation appeared
on the surface of the film (Figure 3-19 b). With the increased concentration of nanoparticles in
the composite film, holes appeared on the composite films (Figure 3-19 c-f). The dimension of
the completely formed hole is around 300 m with a cylindrical shape (Figure 3-19 f). Later it
was found that with a nanoparticle weight ratio of 1.5%, holes were completely formed on the
nanocomposite film after few seconds of irradiation. Therefore, it was reasonable to state that 1.5
wt% of gold nanoparticles is enough for microhole laser processing. The images for laser
drilling of nanocomposite film with 1.5 wt% loading of gold nanoparticles under laser beams
with different powers were shown in Figure 3-20. It further demonstrated that the optimum
condition for laser drilling of microhole would be using a laser beam with a power of 100 mW.
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Figure 3-17 SEM images of micro-reservoirs and holes created by laser irradiation (532 nm) at
50 mW for 2 min on pure PMMA (a) and nanoparticle/PMMA composite films (b-f). The weight
ratio of gold nanoparticles in each composite film is: b. 0.2%; c. 0.5%; d. 0.7%; e. 1.0%; f. 1.5%.

a

b

d

e

c

f

Figure 3-18 SEM images of micro-reservoirs and holes created by laser irradiation (532 nm) at
100mW for 2 min on pure PMMA (a) and nanoparticle/PMMA composite films (b-f). The
weight ratio of gold nanoparticles in each composite film is: b. 0.2%; c. 0.5%; d. 0.7%; e. 1.0%; f.
1.5%.
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Figure 3-19 SEM images of micro-reservoirs and holes created by laser irradiation (532 nm) on
1.5wt % nanoparticle/PMMA composite films for 2 min at (a) 10mW; (b) 50mW; (c) 100mW

3.4.3.2 Micropatern Writing
By controlling the movement of the nanocomposite film samples using a syringe pump, onedimensional microtunnels were fabricated on the film by laser irradiation. Figure 2-21 a and b
are the SEM images of the irradiated films with laser power set at 50 mW. At appropriate
irradiation conditions, sealed microtunnels with a width around 300 m were obtained (Figure 321a). However, it was noticed that the thickness of the upper wall is only around 1um as revealed
by SEM analysis (Figure 3-22). This wall is fragile and easily broken as shown in Figure 3-21a.
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Figure 3-20 SEM images of microtunnels created by laser writing on a single 1.5 wt %
nanoparticle/polymer composite film. (a) a top view of a microtunel; (b) the exposed inner
surface of a microtunnel after the upper wall was removed mechanically.

Figure 3-21 SEM images for (a) the cross section of a microtunnel created by laser writing on a
single 1.5 wt % nanoparticle/polymer composite film; (b) the upper wall of the microtunnel.

The direct laser writing process reported here differs significantly from most of the existing laser
ablation processing of polymer materials, whereas one usually obtains open channels and holes.
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There are two possible explanations for the formation of tunnels instead of open channels. The
first possibility is that, at the surface of the composite film, the heat released by the nanoparticles
to the polymer matrix was further dissipated into the air. This relatively efficient heat dissipation
occurred only within a surface layer of a few microns thick of the film due to poor thermal
conductivity of PMMA. Because of the heat dissipation to the air, the surface layer of the
polymer film was not decomposed. When a subsurface explosion occurred, this thin surface layer
was blown up and formed the upper wall of the microtunnels. The second possibility is related to
a potentially relative low distribution of nanoparticles on the surface of the composite film as
opposed to the deeper layers of the film. During the film formation process, it is possible that the
nanoparticles would tend to concentrate towards the bottom of the film, leaving the surface layer
with scarcely scattered nanoparticles. To verify the second possibility, we conducted a
Rutherford Backscattering Spectroscopy analysis on the composite material (see Figure 3-23).
This analysis revealed that the distribution of gold nanoparticles at different depth profiles within
the top 3 micron thick layer did not show any significant difference. This result is consistent with
TEM analysis we described before. There was no concentration difference observed from the
cross section areas taken from the surface and deeper layer of the film (Figure 3-13). From these
analyses, we concluded that efficient heat dissipation from the nanocomposite film surface is the
most likely mechanism for microtunnel formation.
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Figure 3-22 RBS results of PMMA/ gold nanoparticle composite film (1.5 wt% gold nanoparticle)

3.4.3.3 Laser Writing on Double Layer Composite Film
While fabricating the microtunnels directly on the composite films, it was noticed that the upper
wall of the tunnels can be easily cracked due to overdose laser irradiation or mechanical fragility
of the thin upper wall. To avoid this problem, we fabricated a two-layer film with the bottom
layer made from nanoparticle/PMMA mixture and the top layer made from pure PMMA.
Because the photon-thermal energy conversion and polymer decomposition occurs only at the
composite film layer, the upper pure PMMA layer should remain intact during the laser writing
process. Figure 3-24a reveals that a microhole was generated on the single nanocomposite film,
whereas a sealed microreservoir was formed on this double-layer nanocomposite film (Figure 3106

24 b). The top surface of the microreservoir was expanded up due to the exposure of the small
gases caused by decomposition of PMMA inside the film. With elongated irradiation, the top
surface still remained intact.

Figure 3-23 Laser irradiation at 100 mW for 2 min on (a) a single layer 1.5 wt%
nanoparticles/PMMA nanocomposite film; (b) a double-layer film prepared by applying a pure
PMMA on top of the 1.5 wt% nanoparticles/PMMA nanocomposite film.
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Figure 3-24 SEM images of microtunnels created by laser writing on a double-layer composite
film. The 1D movement of the sample specimen was controlled by a syringe pump. (a) Top view
of an intact microtunnel; (b) an enlarged image for the upper wall; (c) an image of the exposed
inner surface of a microtunnel after the upper wall was removed mechanically; (d) a side view of
a microtunnel

With an additional layer of pure PMMA film on the top of the composite film, more robust
microtunnels were also obtained as shown in Figure 3-25a. The upper wall becomes about 20 um
in thickness after the applying this pure PMMA layer as indicated in Figure 3-25b. The cross
section images (Figure 3-25 c and d) suggest that the fabricated microtunnel on the double-layer
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film is smooth and ellipse in shape. In addition, whether the microtunnels were developed on one
layer or double layered films, the microtunnels are light transparent under optical microscope
(Figure 3-26). The covered tunnels, which are different from the open channel obtained by
common laser ablation, have the potential applications such as microfluidics.
Later, by employing an x-y motorized stage, more complicated features as shown in Figure 3-27
were fabricated on the double layered composite films by this simple direct laser writing
technique.

Figure 3-25 Optical images for microtunnels fabricated on (a) a single layer 1.5 wt% gold
nanoparticle/PMMA nanocomposite film; (b) a double-layer film prepared by applying a pure
PMMA on the top of the 1.5 wt% nanoparticles/PMMA nanocomposite film
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Figure 3-26 SEM images for micropatterns prepared on double-layer gold nanoparticle/PMMA
nanocomposite films by controlling the 2-dimensional movement of the film

3.4.4 Comparative Study of Gold Nanoparticles Vs Rhodamine 6g as Photothermal Converters
Rhodamine-6 G (R6G), a dye that also absorbs green light (a maximum absorption at 529.7 nm),
has been used previously as a doping agent in PMMA matrix for laser writing. Therefore, we
used R6G in our study as a comparison to the gold nanoparticles. The UV-Vis absorption
spectrum of rhodamine 6G in the PMMA film was measured (Figure 3-28). The amount of the
rhodamine-6 G added to PMMA was varied to achieve the similar absorbance as that from 1.5
wt% gold nanoparticles/PMMA composite film. The molar absorption coefficient of rhodamine6G in PMMA polymer film was calculated to be 6.9 ×104 M-1 cm-1. This value is 4 orders of
magnitude lower than that of gold nanoparticles in the polymer film.
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Figure 3-27 UV-Vis spectra for composite films with different concentration of rhodamine 6G

A laser light with the same output power (50mW) was used to irradiate the rhodamine 6G doped
PMMA polymer. With a similar absorbance as the 1.5wt% PMMA/gold nanoparticles composite
film, rhodamine doped PMMA film (8.71× 10-4 M) only showed an irreversible photobleaching
effect after laser irradiation. The color of the area exposed to the laser light changed from reddish
to completely colorless (Figure 3-29a). This phenomenon was also reported in the literature95 and
was attributed to the photodegradation of dye molecules. With a considerably larger amount of
rhodamine 6G (0.012 M) added, the photodecomposition of PMMA was observed from the
doped film. However, only blisters were found in the irradiated area (Figure 3-29b). The laser
irradiation of a doped film with further increased amount of dye molecules (0.12 M) caused
burning of the film, as shown in Figure 3-29 c.
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Figure 3-28 Optical images of (a) the photo-bleach effect on the rhodamine 6G/PMMA
composite film (8.71× 10-4mol/dm3); (b) blisters formed on the rhodamine 6G/PMMA
composite film (0.012 mol/dm3); (c) a burn mark on the rhodamine 6G/PMMA composite film
( 0.12 mol/dm3)

From the comparative study of laser writing on gold nanoparticles/PMMA composite and
rhodamine 6G doped PMMA film, it can be conclude that these two materials behave differently
after absorption of photon energy. In general, the conversion of localized excitation energy into
heat involves three steps. First, the excited particles (for example, electrons) undergo a motion of
spatial and temporal randomization. Then the equipartition of energy takes place by collisions
and the photon energy was converted into thermal energy. The last step is a heat flow by phononphonon coupling. When gold nanoparticles are irradiated by laser beam, the conduction electrons
are excited and then the excited state decays via electron-phonon scattering between the
electrons and lattice. As a result, the photon energy is converted into thermal energy. The energy
relaxation time representing the last two steps is very short, on the scale of picosecond (10-12 s)
for gold nanoparticles. For dye molecules, after absorbing light energy and the electrons are
excited to higher energy state. The excited electrons then returns to their ground state by
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radiative (luminescence) or nonradiative decay (thermal release). The nonradiative decay process
occurs in a time scale around 10-6 s. In the case of rhodamine 6G, energy released through
radioactive decay is another significant path. As a result, R6G is a much less efficient photonthermal energy converter than gold nanoparticles. The efficient energy absorption and fast
energy conversion to thermal energy lead to sufficient heat built-up around gold nanoparticles
and cause the fast dissociation of PMMA molecules. Dissociated small molecules are heated into
gas state and expand within very short time, causing the formation of the microtunels.

3.4.5 Comparative Study on Other Polymer Systems
Three additional polymer systems, namely poly(ethylene glycol) (PEG), two component epoxy
resin and polystyrene, were examined as well as the polymer matrix for nanoparticle composite
preparation. In order to obtain a good compatibility of gold nanoparticles with the polymer
matrix, gold nanoparticles with 2-(2-(2-methoxyethoxy)ethoxy) ethanethiol (EG3-SH) as
protective ligands (diameter around 3 nm) were used in poly(ethylene glycol) and two
component epoxy resin. Appropriate amount of EG3-SH protective gold nanoparticles was used
to obtain similar absorbance of the PEG or epoxy composite film as that of PMMA/oleylamine
protected gold nanoparticle composite film.

Polymer/ EG3-SH protective gold nanparticle

composites were then irradiated by a laser beam with the same energy power as used before (50
mW). Since poly(ethylene glycol) is a polymer with a very low melting point (60 degree Celsius),
the irradiation of laser on the gold nanoparticles/PEG composite film melted away the polymer,
inducing a smooth channel (recession of the surface, see Figure 3-30a). The width of the channel
is about 500 um, which is larger than the beam size of the laser.
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Epoxy resin is a crosslinked thermoset and is expected to be more difficult to undergo
deformation and thermal decomposition.

With the same laser power and the same light

absorbance of the film, a concave mark was obtained after laser irradiation (Figure 3-30b). When
the same experiment was conducted on a polystyrene composite film, irregular shaped bubbles
were formed on the film (Figure 3-30c). These results indicate that the thermoplastic nature of
polystyrene and PMMA enables the deformation of the upper surface layer, which releases the
internal thermal stress. For PMMA, expansion of the upper wall resulted in the formation of a
closed tunnel. However, smooth tunnel structures were not formed on a polystyrene/gold
nanoparticle composite film at the conditions tested so far. Further study needs to be carried out
to explore the possible explanation.

a

b

c

Figure 3-29 SEM images of (a) an open channel formed on a poly(ethylene glycol)/gold
nanoparticle composite film; (b) a concave make on an epoxy/gold nanoparticle composite film;
(c) bubbles formed on a polystyrene/gold nanoparticle composite film.
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3.5 Conclusion
Gold nanoparticle/PMMA composites were obtained by uniformly dispersing oleylamine
protected gold nanoparticles into PMMA with a wet chemical process. A strong absorption at
532 nm wavelength of composite films was observed due to the surface plasmon resonance of
gold nanoparticles. The thermal energy converted from the absorbed photon energy by gold
nanoparticles is so intense that the surrounding polymer can be completely decomposed upon
laser irradiation. As a result, microholes were created on the surface of the composite film. By
controlling the movement of the composite film, microtunnels were fabricated due to subsurface
layer decomposition of PMMA. More robust microtunnels were obtained later by employing a
double layer film, which has a pure PMMA layer on top of a composite film. The formation of
holes and microtunnel on the gold nanocomposite/PMMA film provides a solid evidence of the
extraordinary photon-thermal conversion ability of gold nanoparticles.
The composite film prepared by a crosslinked epoxy polymer, on the other hand, can only lead to
the formation of open microchannels instead of microtunnel structures as described above. This
result suggests that the plastic deformation of the polymer film is an important factor for the
microtunnel formation.
Moreover, the absorption coefficient of rhodamine 6G, a generally used molecular dye, was
measured to be 4 orders of magnitude smaller than that of gold nanoparticles. By irradiating at
the same laser energy, only a photobleached line was observed from the R6G doped PMMA film
which has a similar absorbance as that of a 1.5 wt % gold nanoparticle/ PMMA composite film.
Only blisters were observed from the irradiated films with increasing amount of R6G. This
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comparative study revealed that gold nanoparticles are much better light absorption and photothermal conversion materials for laser ablation of polymers than organic dyes.
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CHAPTER 4.
NANOCOMPOSITE FIBERS MADE OF GOLD
NANOPARTICLES AND POLYELECTROLYTE
4.1 Abstract
A fibrous nanocomposite material was prepared from electrospinning of a mixed polyelectrolyte
solution, poly(acrylic acid) (PAA) and poly(allylamine hydrochloride) (PAH). Gold
nanoparticles were introduced to the fiber by one ex-situ and two in-situ methods. In the ex-situ
method, the polymer solution with pre-synthesized gold nanoparticles was used to fabricate
electrospun fibers. As to the in-situ method, one is to deposit chloroauric acid (HAuCl4) on the
electrospun polymer nanofibers and gold nanoparticles were formed by sodium borohydride
reduction. Another method is to incorporate chloroauric acid directly in the polyelectrolyte
solution before electrospinning. After nanofiber fabrication, gold ions were reduced to gold
nanoparticles by the amino functional groups from PAH upon heating. Both in-situ methods,
particularly when combined together, produced nanocomposite fibers with high contents of gold
nanoparticles. Gold nanoparticle-modified nanofibers can be further treated by silver
enhancement. Such a treatment increased the electrical conductivity of the nanofibers to 10-2
S/cm. From the FT-IR analysis of the nanocomposite fibers, it appears that the deposition of gold
nanoparticles significantly enhance the IR absorption intensity of the polymer fibers. Upon laser
irradiation, the photothemal effect generated by gold nanoparticles can cause nanofiber
deformation, melting, or local decomposition. The multifunctional composite nanofibers
developed in this study may find many important potential applications in sensors, optical and
electronic devices, tissue engineering and catalysis.
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4.2 Introduction
Polymer nanocomposites prepared by blending nanoscale fillers into polymer matrix have been
studied extensively

96 , 97 , 98 , 99

. The unique electrical, optical and mechanical properties of

nanoscale fillers can be introduced to the bulk material in the form of nanocomposites.
Depending on the properties of the nanosized objects and organic matrix, composites with a wide
range of applications have been developed100,101,102,103. However, the design and preparation of
nanocomposite with confined geometry such as nanofibers has not been fully studied. A number
of processing techniques such as drawing 104 , template synthesis 105 , phase separation 106 , selfassembly107, electrospinning108, etc. can be used to prepare polymer nanofibers. Drawing is a
simple process but limited to viscoelastic materials that can be strongly deformed. In template
synthesis, nanoporous membranes are used as templates to prepare nanofibers. However, one-byone continuous fibers cannot be obtained by this approach. Phase separation and self assembly,
on the other hand, are often time consuming and complicated. Electrospinning, on the other hand,
is one of the most promising and simple methods that have the potential for mass production of
one-by-one continuous polymer nanofibers. In this work, a gold nanoparticles/polymer
composite was fabricated into nanofibers by an electrospinning technique. The electrospun fibers
can be deposited on a substrate to form nonwaven mats. The resulting fabric has a high surfaceto-weight ratio. For instance, for a fiber with a diameter of about 100 nm, the total length of a
fiber produced from 1 g of polyethylene can be as high as 130,000 km, corresponding to a
specific surface area of 40 m2/g. The entangled fibrous geometry gives a large interconnected
void volume which makes the fabric have a high permeability and the potential to incorporate
active chemicals. Such nanofiber composites, combined with the unique properties from
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nanoscale fillers, may find applications as electrodes for batteries, active biochemical sensors,
substrates for surface enhanced Raman spectroscopy, or smart scaffolds for tissue
engineering109,110, etc.

4.2.1 Electrospinning Technique
The underlying principle behind the electrospinning technique can be traced back to the theory of
elecrohydrodynamic spring (EHD)111. EHD describes a physical process when an electric force
is applied onto a droplet. This electric force produces a shear stress on the surface of the
hemispherical droplet protruding from a capillary. When the shear stress is large enough to
overcome the surface tension of the droplet, smaller droplets or liquid jets are discharged from
the capillary. According to Jaworek and Krupa’s work112, there are total 8 modes that can be
obtained by varying the conditions of the EHD process, such as flow rate, applied potential,
capillary size, and surface tension, fluid conductivity, and viscosity. Four of the modes lead to
the formation of droplets and the other four result in a liquid jet that eventually break up into
droplets (see Figure 4-1). The cone formed in a cone jet mode is also called “Taylor cone” since
Taylor113 conducted the pioneer work on deriving the conditions for the critical electric potential
Vc that is needed to transform the droplet of liquid into a cone. The critical electric potentail can
be obtained by

Where H is the distance between the capillary exit and the ground, L is the length of the capillary
with radius R, and γ is the surface tension of the liquid.
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Figure 4-1 An illustration of eight modes that can be obtained by a EHD process (Ref. 111,
copyright request)

Later Baumgarten114 discovered for the first time in 1971 that a continuous stream, instead of
droplets, was able to be produced from a Taylor cone formed by a solution with a high viscosity.
As a result, fibers with submicron diameters were fabricated.

This process is called the

electrospinning. A simple laboratorial setup for an electronspinning process is shown in Figure
4-2. A viscous solution is filled in a syringe and is fed constantly by a syringe pump. A high
voltage, typically around 10kV, is applied between the stainless steel needle and the ground
collector to create the fibers.

Figure 4-2 Schematic illustration of an electrospinning process
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The electrospinning process described above can be broken into several operational
components115: (i) charging of the fluid, (ii) formation of the cone-jet, (iii) thinning of the jet in
the presence of an electric field, (iv)instability of the jet, and (v) collection of the jet on an
appropriate substrate.

Figure 4-3 A droplet of a 5% solution of poly(ethylene oxide) (PEO) in water, dyed with
fluorescein: A) in the absence of an applied voltage; B) at an applied voltage of 20 kV, with a jet
perpendicular to the counter electrode; C) at an applied voltage of 20 kV, with a jet diagonal to
the counter electrode (Ref.116, copyright request)

The first three steps of electrospinning are revealed in Figure 4-3116. When an electrical potential
higher than the critical potential is applied, a Taylor cone in the direction of the counter electrode
forms and the cone angle is normally about 30º for electrospinning. If a further increased voltage
is employed, a stable jet erupted from the tip of the spinneret is created by “shearing” fluid off
the surface. The jet is only stable near the tip of the spinneret and then subject to a stage of
instability.
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Figure 4-4 Schematic illustration of lowest order instabilities under perturbation, distinguished
by their azimuthal wave number, s. Top views illustrate cross-sections of the jet at maximum
amplitudes of (oscillatory) perturbation, with bold and dashed contours representing different
positions along the jet length. Bottom views illustrate changes in shape and centerline down the
length of the jet. +/− are used to indicate regions of positive or negative deviation from the
unperturbed jet shape. Perturbations are exaggerated beyond the linear instability regime. (a)
unperturbed cylindrical fluid element; (b) varicose (s=0) instability; (c) whipping (s=1)
instability (also called “bending” or “kink” instability in the literature); (d) splitting (s=2)
instability. (Ref. 115, copyright request)

Figure 4-4 illustrates several of the lowest order instabilities. For the varicose instability (Figure
4-4b), the centerline of the jet remains straight but the radius of the jet is modulated. Growth of
the varicose instability leads to equal sized droplets. The whipping instability shown in Figure 34c is particularly important to electrospinning since it confirms that this instability causes a
strong elongation of the fluid jet and a dramatic decrease of the diameter of the jet, resulting in
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submicron fibers. In the whipping instability, the radius of the jet is constant but the centerline is
modulated. The last type of instability is the splitting instability, which leads to two equal sized
sub-jets.

Figure 4-5 Left: Photograph of a jet of PEO solution formed during electrospinning. Right: Highspeed photograph of jet instabilities (Ref. 116, copyright request)

As shown in Figure 4-5, the whipping instability gives rise to the formation of loops in the
horizontal plane and the diameters of the loops increases while approaching the counter electrode.
As a result, the whipping jet is thinned by as much as 3 orders of magnitude. The whipping of
the jet takes place so rapidly that spraying subfilaments can be observed in a regular exposure
photograph (see Figure 4-5 left). The viscoelasticity of the fluid itself or development of a solid
like elasticity as the solvent evaporates prevents the jet from breaking up before it is deposited
onto the counter electrode. If a simple planar counter electrode is used, a nonwoven fiber mesh
will be collected. The collectors with different geometrical arrangements 117 , such as parallel
electrodes, rotating drum and so on, can be employed to obtain aligned fiber meshes.
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4.2.2 Nanocomposite Fibers
A large number of polymers have been investigated to create electrospun fibers, such as
Nylon6118, polycarbonate119, polyethylene oxide120, collagen121 and so on. Theoretically, nearly
all soluble or fusible polymers can be used to prepare fibers by electrospinning if appropriate
conditions are fulfilled. The parameters that affect the electropinning process include the
physical and chemical properties of materials (molecular weight, viscosity, conductivity, surface
tension, elasticity, etc.) and process conditions (feed rate, electrode separation and geometry,
electric potential, relative humidity etc).
Other than pure polymers, inorganic material/polymer composite fibers can be prepared by
electrospinning as well. This type of composite fibers is attracting increased interests due to
some excellent mechanical properties, unique thermal, optical, magnetic or electrical properties
that may be achieved by introducing certain inorganic materials and nanofillers. Electrospun
composite fibers containing montmorillonite using polyamide 6 (PA6) 122 , polyvinyl alcohol
(PVA)123, PMMA124 , poly(methyl methacrylate-co-methacrylic acid) [poly(MMA-co-MAA)]125
or polyurethane (PU)126 as the supporting materials have been reported. The resulting fibers were
found to have improved mechanical properties, reduced flammability and increased selfextinguishing properties. Magnetic nanoparticles have also been incorporated into different
polymer systems to create composite fibers, for example, PEO/Fe3O4 127 , PCL/FePt 128 ,
MU/MnZnNi 129 . This type of fibers can respond to an externally-applied magnetic field by
deflecting in the direction of increasing field gradient and has a potential to be used for sensors
or information storage purposes. Light emitting polymer nanofibers were obtained by
electrospinning of polymer solutions containing luminescent semiconductor nanoparticles130 or
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in situ synthesis of semiconductor nanoparticles by photoreduction of their metal precursors with
the presence of H2S gas131. In addition, carbon nanotube/polymer composite electrospun fibers
have also been studied. Alignment of carbon nanotubes along the fiber axis and highly
conductive nanofibers can be achieved. A comprehensive review on the preprocessing, synthesis,
characterization and modeling of carbon nanotube/polymer composite fibers can be found in
literature132.
In chapter 2, we demonstrated that nanocomposite thin film fabricated from gold
nanoparticle/polymer composite exhibits excellent photo-thermal conversion property due to
surface plasmon absorption of gold nanoparticles. In this chapter, electrospun composite fibers
made of gold nanoparticles and polyelectrolyte were investigated. Nanofibers of gold
nanoparticle/polymer composites have been reported previously in a number of literatures. One
method was to add gold nanoparticles directly into polymer solution prior to electrospinning and
polymers used for nanofiber fabrication include poly(vinyl alcohol) 133 , polyvinylpyrrolidone
(PVP)134, and poly(ethylene oxide)135. Li136 and Santosh137 also described the development of
gold nanoparticle composite fibers by photoreduction of HAuCl4 onto the surface of electrospun
inorganic fibers with the presence of organic protective reagents. By introducing a gold salt into
polymer solution before electrospinning and reducing it by NaBH4 solution after the formation of
fibers, Han et al.138 prepared conductive PMMA nanocomposite fibers that contain gold particles
as nanofillers. A post treatment by electroless-plating of the gold coating and high temperature
annealing was applied to achieve high conductivity. Among all these previous work, except the
work of Han in which an improved electrical property was obtained by incorporation of gold
nanoparticle, none has studied and explored the unique properties, such as optical property, that
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may be translated from gold nanoparticles to the nanofiber. Therefore, it was the goal of this
project to fabricate gold nanoparticle/polymer composites naofibers and study their electrical and
optical properties that may be used for potential applications.
Recently, Chunder, et al
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reported a convenient and efficient method to fabricate

polyelectrolyte electrospun nanofibers comprising of two polyelectrolytes with opposite charges,
poly(acrylic acid) (PAA) and poly(allylamine hydrochloride) (PAH) (Scheme 4-1). The two
polyelectrolytes will undergo crosslinking at an elevated temperature, resulting in robust fibers
that can withstand high ionic strength solutions. In addition, the side functional ionic groups of
polyelectrolytes have the potential to form ion pairs or complexes with metal ions for metallic
nanoparticles formation. Therefore, these two polymer electrolytes are introduced as a polymer
matrix for the present study. Three approaches, one ex-situ and two in-situ methods, were
developed to fabricate gold nanoparticle/polyelectrolyte composite fibers. Interesting electrical
and optical properties of the composite fibers were investigated. The composite nanofibers
reported in this study exhibit multiple functions, and may find many important potential
applications in sensors, optical and electronic devices, tissue engineering and catalysis.

Scheme 4-1 The structures of two polyelectrolytes used for electrospinning fibers
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4.3 Experiment
4.3.1 Preparation of Nanocomposite Fibers
An aqueous solution of polyelectrolyte made of 0.668g poly (acrylic acid) (PAA) and 0.083g
poly(allylamine hydrochloride) (PAH) was prepared to fabricate the fiber. The electrolyte was
loaded in a plastic syringe with a stainless steel needle and fed constantly by a syringe pump at
0.1 ml/h. Electrospun fibers was obtained by applying a voltage of 10-15 kV from a high voltage
DC power supply (Glassman High Voltage, Inc). A plastic substrate with a conductive coating
(MIL-PRF-131J from Ludlow Coated Product, Inc.) was used to collect the fibers.
Three methods were used to introduce gold nanoparticles into the fibers.

4.3.1.1 Method A
Gold nanoparticles protected with 2-(2-(2-methoxyethoxy)ethoxy) ethanethiol (EG3-SH) were
synthesized according to a procedure reported in the literature 140 . A mixture of gold
nanoparticles (6 wt % in aqueous solution) and polyelectrolyte solution was prepared and used
for fiber fabrication.

4.3.1.2 Method B
A PAA/PAH polyelectrolyte fiber was fabricated and then heated to 140℃ overnight to obtain
crosslinking. Gold nanoparticles were then generated by first dipping the fibers into a 0.01 M
gold salt (HAuCl4·
H2O) solution and then to a 0.1 M reducing reagent (sodium borohydride)
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solution. The fiber was washed extensively with deionized water after each dipping to eliminate
loosely adsorbed gold salt and reducing reagent.

4.3.1.3 Method C
An appropriate amount of polyelectrolyte, PAA and PAH, with 10wt% (with respect to weight of
polymers) of chloroauric acid was dissolved in a co-solvent (0.13 g of N, N-dimethylformamide
and 0.15g of deionized water) to make a homogenous solution for electrospinning. A blunt
platinum needle (Hamilton Company) with a 22 gauge was used to prepare the fibers. The fiber
was then heated to 140 oC overnight. The color of the fibers turned into pink reddish after the
thermal treatment.

4.3.2 Silver Enhancement
A silver enhancer kit was purchased from Sigma-Aldrich, Inc. The solution A (silver salt)
was mixed with an equal volume of solution B (initiator) just prior to use. The fiber mats
with gold nanoparticles prepared from method B were immersed into the silver enhancement
solution for 8 minutes. After washing with copious amount of deionized water, the silver
enhancer treated fiber mats were dipped in a 2.5% sodium thiosulfate solution for 2 mi nutes
to stablize the silver coating. The resulting fiber mats were dried in a desiccator overnight.
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4.3.3 Characterization
4.3.3.1 Transmission Electron Microscopy (TEM) Analysis
Electrospun fibers was deposited onto TEM copper grids with holly carbon films and examined
by a FEI Tecnai F30 TEM.

4.3.3.2 Scanning Electron Microscope (SEM) Study
Fibers deposited on a conductive plastic substrate were used directly for SEM study. In order to
avoid electric charge build-up, the fibers were coated with a Pd-Au film by an Emitech
Magnetron Sputter Coater before imaging. The specimens then were observed by a JEOL 6400
SEM at an accelerating voltage of 5 kV

4.3.3.3 Laser Irradiation Study
A continuous wave Nd:YAG laser with a beam size of 0.3 mm (Crystalaser LC) was used to
irradiate the electrospun fibers and the irradiated areas were imaged by SEM

4.3.3.4 ATR-FTIR Measurement
The fiber mat was pressed on the surface of a diamond crystal sample plate by an attached
pressure arm and the spectra were collected with a PerkinElmer Spectrum™ 100 FT-IR
spectrometer equipped with a universal ATR sampling accessory.
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4.3.3.5 Conductivity Measurement
Three types of nanofibers, pure PAA/PAH polyelectrolyte fibers, fibers loaded with gold
nanoparticles by method B and fibers after further silver enhancement treatment, were released
from conductive plastic substrates by immersing in 4% KOH solution for 2-3 minute. After
rinsing with copious deionized water, the free mats were transferred onto glass cover slides. The
resulting fiber coatings were dried in a desiccator overnight. The electrodes were then prepared
by applying two strips of silver paint on the fiber mats. The distance between two electrodes is
0.15 cm and the length is 0.6 cm. The average thickness of the fiber mat was measured by an
Alpha Step Profilometer. The conductivity was tested by two probe method with a Keithley
6517A Electrometer/High-Resistance meter. The conductivity was calculated from the equation:


l
RA ,

where R is the measured resistance, A is the area (the thickness of the film × the length of

the electrode), and l is the distance between two electrodes. For each type of fiber mats, the
conductivity was collected on three different positions. The final reported conductivity was
obtained by averaging three measurement results.

4.4 Results and Discussion
4.4.1 Morphology of Electrospun Composite Fibers and Distribution of Gold Nanoparticles
4.4.1.1 Method A
EG3-SH protected gold nanoparticles with an average diameter of 3 nm were mixed into the
polyelectrolyte solution. Nanofibers with uniform shape and diameter (around 100nm) was
formed by electrospinning of this polyelectrolyte/gold nanoparticles solution, as shown in Figure
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4-6a. TEM analysis, however, reveals that nanoparticles are only sparsely distributed in the fiber
even at a 6 wt% loading of gold nanoparticles (Figure 4-6b). Significant aggregation of
nanoparticles was found in some areas of the fiber (Figure 4-6c). These results indicate that the
neutral ethylene glycol protected gold nanoparticles cannot be dispersed in a charged
polyelectrolyte solution uniformly.

(a)

(b)

(c)

Figure 4-6 SEM images (a) and TEM images (b) (c) for fibers with gold nanoparticles formed
ex-situ

4.4.1.2 Method B
It has been shown that direct mixing of gold nanoparticles and polyelectrolyte was not effective
to obtain nanocomposite fiber with dense and uniformly distributed gold nanoparticles. The
compatibility problem between gold nanoparticle and polymer matrix can be circumvented using
an in-situ method (see Figure 4-7).
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Figure 4-7 An illustration for the preparation of gold nanoparticle/polyelectrolyte composite
nanofibers by method B

Firs, fibers made of pure polyelectrolytes were fabricated by electrospinning. The fibers have a
uniform diameter of 100 nm as shown in Figure 4-8a. After the electrospun fibers were deposited
onto the conductive plastic substrate, the resulting fabric was thermally treated to obtain
crosslinking between PAA and PAH, which makes it strong enough to withstand high ionic
strength condition. The crosslinked fibers were then immersed in a chloroauric acid solution
(HAuCl4) in which tetrachloroaurate ions were adsorbed onto the nanofiber surface through ionic
interactions. After the immersion, copious water was used to wash off any loosely adsorbed
chemicals. The subsequent treatment of those gold ion loaded fibers with a reducing agent
(NaBH4) solution leads to the generation of gold nanoparticles on the surface of the prefabricated
PAA/PAH fibers. Some clusters appeared to grow on the surface of the fibers as shown in Figure
4-8b.
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(a)

(b)

Figure 4-8 SEM images of (a) fibers made from pure polyelectrolyte; (b) polyelectrolyte fibers
with gold nanoparticles formed by method B

Directly from the TEM micrographs (Figure 4-9), it can be confirmed that gold nanoparticles
were clearly formed on the nanofibers. When the mole ratio between the reducing reagent
(NaBH4) and gold salt is high, 10:1, densely dispersed nanoparticles with an average diameter of
around 3~5 nm were observed (Figure 4-9 a and b). On the other hand, the concentration of
generated nanoparticles decreased greatly when a NaBH4: gold salt ratio of 1:1 was applied even
at the similar loading of gold salt (Figure 4-9 c and d). However, in this case, the nanoparticles
appear larger in size (around 8 nm) and more spherical in shape. This is due to the fact that the
amount of reducing reagent determines the number of nucleation sites. With less amount of
reducing reagent and, hence, less nuclei created, more gold salt can be left to grow into larger
nanoparticles. In addition, by applying multiple immersion cycles in gold salt and NaBH4
solutions, the concentration of gold nanoparticles immobilized on the nanofiber surface can be
increased accordingly. The nanoparticle-modified fiber mat changed from white to a pinkreddish color (Figure 4-10 a and b) after 3 cycles of deposition.
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(a)

(c)

(b)

(d)

Figure 4-9 TEM images of polyelectrolyte fibers with gold nanoparticles generated by method B
with a ratio between the reducing agent and gold salt of (a) and (b)10:1; (c) and (d) 1:1.

Figure 4-10 Digital photos of (a) pure polyelectrolyte fiber mat; (b) polyelectrolyte fiber mat
loaded with gold nanoparticle by method B; (c) the fiber mat from b after further treatment with
silver enhancement.
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4.4.1.3 Method C
It has been reported that long chain aliphatic amine can be used to reduce gold salts and form
stable gold nanoparticles at elevated temperature. Since one of the components in
polyelectrolyte solution, PAH, contains free amine groups, we hypothesized that if
chloroauric acid was directly mixed to the polyelectrolyte solution, gold nanoparticles may
be generated in-situ by a thermal treatment of the electrospun nanofibers. A polyelectrolyte
solution with chloroauric acid added was successfully electrospun into nanofibers with the
same average diameter and morphology as pure polymer nanofibers (Figure 4-11a). In order
to prevent the corrosion of the metal needle by chloroauric acid at high voltage, a platinum
syringe needle was used for the electrospinning. Moreover, a solvent with a low evaparation
rate, N, N-dimethylformamide, was used as a cosolvent to reduce the drying speed of the
polyelectrolyte droplets at the tip of the needle. The electrospun fibers were then heated over
140 oC for 4 hours. Without any additional reducing agent, gold nanoparticles formed insi de
the fiber as revealed by the TEM images (Figure 4-11 b and c) and the color of the fabric mat
tuned into pink red as shown in Figure 4-12. The nanoparticles are evenly distributed inside
the fiber. The average diameter of gold nanoparticles generated from this method is uniform
and around 5-8 nm The gold nanoparticle content in the fibers can be further increased by
combining method C with method B. After multiple cycles of salt deposition and NaBH 4
reduction process, the density of gold nanoparticles in the nanofiber increased dramatically
(Figure 4-11d).
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(a)

(b)

(d)

(c)

Figure 4-11 SEM images (a) and TEM images (b) (c) of a fiber with gold nanoparticles formed
by method C, and (d) a fiber with gold nanoparticles created by combining method B and C

Figure 4-12 Digital photos of the fabric mat made of polyelectrolyte and the gold salt (a) before
heating and (b) after heating. The color of b is reddish due to gold nanoparticles generated inside
the fibers by thermal treatment
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4.4.2 Silver Enhancement
Gold nanoparticles and colloids can catalyze the reduction of silver ions into silver islands
and colloids through a process called silver enhancement (shown in Fgiure 4-13). The size of
the nanoparticles are expected to be enlarged about 50 times after the treatment. In this
study, we applied the silver enhancement to the gold nanoparticle-modified nanofibers to
generate silver colloids.

Figure 4-13 Illustration of a silver enhancement process. The reduction of silver ions is catalyzed
by gold nanoparticles and silver islands are preferentially deposited onto gold nanoparticles.

As shown in Figure 4-10c, after silver enhancement, the color of the nanofiber mat changed from
reddish pink to light brown. SEM and TEM micrographs (Figure 4-14) reveal the formation of
silver nanoparticles and aggregated silver islands on the fiber. Gold and silver nanostructures are
known to exhibit surface-enhanced Raman scattering effect, a property that is particularly
attractive for biomolecular detection and chemical sensing. By combining with the high surface
area of nanofibers, the composite nanofibers reported here may provide a suitable material for
this application.
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(a)

(b)

(c)

Figure 4-14 SEM images (a) and TEM images (b) (c) of fibers with gold nanoparticles formed by
method B and further treated with silver enhancement (modify the a, b, c label in the image)

4.4.3 Laser Irradiation
The photothermal response of gold nanoparticle-modified nanofibers was studied. The
electrospun nanofibers after three cycles of treatment with a HAuCl4 solution followed by a
sodium borohydride reduction were irradiated by a 532 nm CW Nd:YAG laser at 100 mW for 2
minutes. The fibers melted under the irradiation as shown in Figure 4-15a. Complete
decomposition of the fibers was observed when the fiber was treated with six cycles of
nanoparticle formation process (Figure 4-15 b). The photothermal effect and deformation of the
nanofiber can be adjusted by tuning the nanoparticle concentration as well as the laser power and
irradiation time. This study also suggests that the photon energy absorption and conversion to
thermal energy is a much faster process than heat dissipation through the surface. Therefore, the
generated heat by gold nanoparticles is confined locally and accumulated inside the fiber leading
to decomposition of the nanofibers. Such property may lead to the application of the composite
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nanofibers as light responsive scaffold materials for tissue engineering studies. The fibers with
nanoparticles loaded directly into the polyelectrolyte solution, on the other hand, did not show
any deformation with a loading of 6 wt% of gold nanoparticles. This can be explained by the low
concentration of gold nanoparticles in the nanofibers, as discussed in the previous sections.

(a)

(b)

Figure 4-15 SEM images of fibers with the method in-situ B after laser ablation: (a) gold
nanoparticles formed by three adsorption/reducing cycles (method B); (b) gold nanoparticles
formed by six reducing cycles (double check this caption)

4.4.4 Surface-Enhanced IR Absorption (SEIR) Effect
FT-IR spectroscopic studies of gold nanoparticle-loaded nanocomposite fibers revealed a
very interesting IR absorption enhancement effect of gold nanoparticles to the polymer fiber.
In the FT-IR studies, the nanofiber mats were pressed onto the diamond plate of an ATR
sampling accessory of the FT-IR spectrometer using an attached pressure arm. Compared to
pure polymer fibers, the IR absorption intensity of the nanofiber after the gold nanoparticle
formation increased dramatically (Figure 4-16), particularly the broad band around 3300 cm -1
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and the carboxylate stretching band at 1550 cm -1 attributed to the carbonyl groups in PAA 97.
Because the ATR technique used here for the nanofiber analysis is a surface-sensitive
technique and the nanofiber sample mat is not a homogeneous sample, a quantitative
conclusion on the enhancement effect could not be obtained from this study. However, the
comparison studies of multiple nanofiber samples reveal that the absorption intensity from
gold nanoparticle-modified nanofibers was always the strongest. In average, the absorbance
of the carboxylate stretching band at 1550 cm -1 is 4-5 times stronger for nanocomposite
fibers than that of pure polymer fibers.
The surface-enhanced IR absorption (SEIRA) effect of metal nanoparticles has been reported
previously, though not very extensively 141. The enhancement mechanism was attributed to
similar effect as the surface enhanced Raman scattering (SERS), presumably due to both
electromagnetic coupling and chemical effect. The SEIRA effect makes the nanocomposite
fibers potentially useful materials for chemo- and biosensor applications.
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Figure 4-16 FTIR spectra of (a) electrospun pure polymer fibers; (b) electrospun composite
fibers with gold nanoparticles formed using method B after gold salt immersion-reduction
treatment with 6 cycles.

4.4.5 Conducivity Measurement
One of the most appealing potential applications of electrospun nanofibers is as a scaffold
material for tissue engineering142. It has been known that many of the cell functions, such as
surface adhesion, proliferation, migration and differentiation, can be modulated by electrical
stimulation. In order to apply an electrical stimulation to the cells, the scaffold material should be
electrically conductive. However, conductive scaffold materials are very limited. Nanofiber
scaffolds have been prepared from conducting polymers such as polyaniline (PANi) and studied
extensively for cell adhesion and proliferation.33 The electrical conductivity of the
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nanocomposite fibers was also investigated in our study. The measured volume conductivity of
pure polymer fibers, gold nanoparticle-modified fibers, and fibers further treated by silver
enhancement is in the order of 10-9, 10-7, and 10-2 S/cm, respectively. The silver-enhancement
treated gold nanoparticle/PAA/PAH nanofiber has the conductivity in the same range as a PANi
nanofiber used in the work by Lelkes et al. on the study of an H9c2 rat cardiac myoblast cell
growth 143 . This level of conductivity is considered as adequate for studying the effect of
electrical stimulation on cell growth and differentiation in vitro.

4.5 Conclusion
In summary, we developed three simple methods to generate gold nanoparticles in a polymer
nanofiber material with controlled nanoparticle content. Incorporation of pre-synthesized gold
nanoparticles prior to electrospinning suffered a poor compatibility with the polyelectrolyte
matrix, leading to an inhomogeneous distribution of gold nanoparticles. In-situ methods, on the
other hand, allow concentrated and evenly dispersed gold nanoparticles to form inside or onto
the surface of the nanofibers. One of the in-situ methods, method C, is extremely easy to use: by
simply heating the electrospun fibers with a preloaded content of gold salt without any additional
chemicals. This method is suitable for formation of any metallic nanoparticles that can be
generated by amine reduction of their precursors. Owing to the creation of nanoparticle islands
on the surface of nanofibers, a significantly enhanced IR absorption of the polymer fibers was
revealed by FTIR study. Upon laser irradiation, the photothemal effect generated by gold
nanoparticles can cause nanofiber deformation, melting, or local decomposition. In addition, the
nanofibrous composite materials with gold nanoparticles on the surface can be further treated
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with silver enhancement, giving rise to nanofibers with high electrical conductivity. These
multifunctional materials may find many potential applications in the areas of sensor, optical and
electronic devices, tissue engineering and catalysis.
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CHAPTER 5.
CONDUCTIVE NANOCOMPOSITES FABRICATED
FROM CARBON NANOTUBES, CONDUCTING POLYMER AND
POLY(METHYL METHACRYLATE)

5.1 Abstract
In this work, we developed a effective dispersion method for multi-walled carbon nanotubes
(MWCNTs) using a conjugated conducting polymer, poly(3-hexylthiophene) (P3HT) as the third
component and trifluoroacetic acid (TFA) as a co-solvent. SEM, optical microscopy, and light
transmittance were studied to evaluate the dispersion ability of P3HT to CNTs. SEM results
showed that CNTs bundles were effectively exfoliated by P3HT/TFA. Due to the protection of
P3HT molecules, the CNTs can be centrifuged out from the solution and then re-dispersed
without agglomeration. Optical microscopic analysis revealed a clear evidence of uniformly
distributed CNTs in PMMA matrix with the assistance of P3HT. Moreover, the ternary
nanocomposite MWCNT/P3HT/PMMA exhibited an extremely low percolation threshold of less
than 0.006 wt% of MWCNT content. This low percolation threshold is attributed to a good
dispersion of MWCNTs and enhanced conductivity of the nanocomposites by conjugated
conducting polymers.
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5.2 Introduction
Since carbon nanotubes (CNTs) was synthesized for the first time by Iijima144 in the early 1990s,
tremendous efforts have been devoted to the study on their structures, physical properties and
potential applications 145 , 146 , 147 , 148 . A CNT consists of single (single wall) or several layers
(multiwall) of graphite sheets rolling up to form a perfect cylinder. In multiwall CNTs
(MWCNTs), the spacing between the layers is close to that of the interlayer distance in graphite
(0.34 nm)149. The perfect alignment of the lattice of CNTs along tube axis endows them with the
in-plane properties of graphite, including high mechanical strength, excellent conductivity and
thermal stability, 150 , 151 etc. Experiments have demonstrated that the remarkable electronic
properties of nanotubes make them suitable for use as quantum wires and in heterojunction
devices 152 . However the application of CNTs remains as a challenge. One convenient and
economic way to use CNTs is to embed CNTs in a polymer matrix. This not only provides a way
for large scale applications, but also is good for stabilization of CNTs. CNT-based polymer
composites have a wide range of potential applications, such as for electrostatic dissipation,
electromagnetic interference shielding, multilayer printed circuits and transparent conductive
coatings, flexible macro-electronics, touch screen, smart window, etc 153 . In this work, an
efficient method to disperse CNTs in polymer matrix was developed and the application of the
resulting functional CNT/polymer composites was investigated.
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5.2.1 Structure and Properties of Carbon Nanotubes
Diamonds, graphites, fullerenes, and carbon nanotubes are all carbon-based materials with
different chemical bondings and geometric structures (See Figure 5-1). While diamond (Figure
5-1a) is made of sp3 carbons, graphite, carbon nanotubes, and fullerenes are made of sp2 carbons.
Graphite has a layered structure with each graphite plane made of a hexagonal honeycomb lattice
as shown in Figure 5-1b. When the size of the graphite crystallites becomes small, the lattice will
close itself with all dangling bonds removed, leading to the formation of a fullerene (Figure 5-1c).
In order to form the curved structure in fullerene, exactly 12 pentagons (defects) are necessary to
completely close the hexagonal lattice6. If we consider that a fullerene is elongated and a long
cylinder made of the hexagonal lattice is introduced in between the two half pieces of a fullerene,
a carbon nanotube with closed ends is actually formed (Figure 5-1d).

B

A

C

D

Figure 5-1 The structure of (A). diamond, (B) graphite, (C) fullerene and (D) carbon nanotube
(Ref 149, copyright request ).
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CNTs have attracted enormous attention because they possess a large surface area, high
mechanical strength, excellent electrical and thermal conductivity, and a low density. It was
reported that the Young’s modulus of SWCNTs can reach 1 TPa, while the value for MWCNT is
found out to be about 1.28 TPa154. It should be noticed here that the reported numbers may vary
depending on the specific test method and the preparation procedure of CNTs. However, it is a
general agreement based on theoretical and experimental results that CNTs produce the strongest
fibers in the world. A comparison on the properties of CNTs with other carbon materials is
summarized in Table 5-1155.
Table 5-1 Comparison of diameter, mechanical strength and electrical conductivity of different
carbon materials (Ref. 155, copyright request)

It can be seen from Table 5-1 that, in addition to the mechanical properties, the average electrical
conductivity of CNTs is also much superior compared to other carbon materials because the
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electrons can be transported over a long distance without significant scattering. Theoretical
calculations show that the conductivity of CNTs may be as good as that of copper. However, the
electrical properties of individual CNTs vary according to the degree of helicity and the number
of six-member rings per turn around the tube. As illustrated in Figure 5-2, CNTs can be defined
by a chiral vector Ch given by Ch=na1+ ma2. The vector Ch connects two crystallographically
equivalent sites in the graphite sheet. The general rules that govern the conductivity of SWCNT
are as follow: tubes with n=m≠0 (armchair) are metals; tubes with n-m=3q, where q is a non-zero
integer, are small gap semiconductors; and others are large-gap semiconductors156. The small gap
CNTs can also be considered as metallic if they are used at room temperature. The conductivity
of metallic CNTs is independent of the curvature while the band gap of the semiconductor CNTs
has a 1/R or 1/R2 dependence on their radius (R). MWCNTs, on the other hand, are most metallic.
This is because MWCNTs are made of many layers of SWCNTs, and most time, some layers are
metallic, making MWCNTs in general a conductive material. .

Figure 5-2 A 2-D grapheme sheet showing chiral vector Ch
(http://www.ccnano.com/pages/Carbon%20nanotube.htm)
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5.2.2 Carbon Nanotube/Polymer Composites
Owing to their excellent mechanical strength and high conductivity, CNTs can be ideal fillers to
improve the mechanical properties and electrical conductivity of polymer composite materials.
Extensive scientific and industrial research has been conducted on the fabrication of
CNT/polymer composites and application development.
In general, polymers that are used in CNT/polymer composites are insulating and a three
dimensional network of CNTs is required to obtain the conductive composite, according to a
widely accepted percolation theory157. When the loading of CNT filler in polymer matrix is very
low, the conductivity of the composite is poor and close to the insulators because CNTs are
distributed far from each other or in small clusters. When the CNT content is increased to a
critical level, the so called percolation threshold, CNTs begin to connect each other to form a
complete network of CNTs, which leads to a drastic increase of the conductivity by several
orders of magnitude. Once the network of CNTs is formed, the conductivity typically improves
slightly with additional CNTs and will finally level off at a certain content of CNTs. Low
percolation threshold is expected in order to minimize the manufacturing cost of nanocomposites.
Moreover, the mechanical properties or optical properties of polymer matrix will not be altered
significantly if only a small amount of CNTs filler is added to the composites. Depending on the
polymer matrix, the processing technology, CNT type, aspect ratio of CNTs, experimental
percolation thresholds ranging from 0.025wt% to 10wt% have been reported158.
A low percolation threshold, however, is difficult to obtain. One of the major reasons is that
CNTs have a strong tendency to form aggregates due to van der Waals interactions. The
efficiency to form the network is low since CNT bundles, instead of individual CNTs, are
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present in the polymer matrices. In addition, it is difficult to fabricate nanocomposites with
reproducible properties when large bundles of CNTs are present and continuously precipitate out
from the solution. In order to effectively translate the nanotube properties into an end product
and reduce the manufacturing cost, an excellent dispersion of CNTs into polymer matrix must be
achieved. Various routes have been employed to introduce CNT into polymer matrix with
improved dispersion. In general, we can divide them into three broad categories: (1) direct
mixing of pristine or chemically modified CNTs with pre-formed polymers; (2) preparation of
polymer composites by in-situ polymerization of monomers in the presence of dispersed CNTs;
and (3) third component-assisted dispersion.
5.2.2.1 Direct Mixing of Pristine or Chemically Modified CNTs with Pre-Formed Polymers
To prepare composite materials, direct mixing of inorganic fillers into polymer matrix is a
convenient approach. In this processing method, however, three issues need to be considered.
First, due to the strong van der Waals interactions, CNTs are severely bundled together. A
mechanical force is required to initially disrupt the bundling. Second, polymer solutions or melt
typically have a high viscosity. It is usual to use elevated temperature to reduce the viscosity of
polymer solution or melt to obtain a better CNT dispersion. In addition, polymers have different
polarities. The surface of CNTs may be modified to be compatible with the polymers. Here,
several ways that have been conducted to disperse CNTs into different pre-synthesized polymer
matrix are discussed.
Direct Mixing Into Existing Polymers by Mechanical Exfoliation
Using mechanical force to exfoliate and directly disperse CNTs into polymer matrix is a
straightforward method. The mechanical force can be applied by either mechanical stirring or
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high power ultrasonication. Qian159 employed an ultrasonic wand dismembrator to generate high
energy sonication to disperse MWCNTs in toluene and then mixed the CNT solution with
polystyrene solution. Sandler 160 has reported the preparation of MWCNT in epoxy resin by
intense stirring process (2000 rpm) for 1h at an elevated temperature (80°). A percolation of 0.04
wt% was achieved and the conductivity of the nanocomposite was found to be about 10-2 S/m
with filler volume fractions as low as 0.1%. However, TEM images revealed that the distribution
of nanotubes is not uniform even at the millimeter scale. Moreover, CNTs have great possibility
to be shortened by the strong mechanical force, which is detrimental to the composite properties.
Mixing Into Polymers by Melting Blending
Melting blending provides the opportunity of using conventional processes that are already used
in the plastic industry to fabricate CNT/polymer composites in a large scale. The melting
blending may include extrusion, internal mixing, injection molding and blow molding, etc 161.
During the melting blending process, polymers are softened with heat applied externally or
generated internally by high shear forces. The CNTs are then added and mixed with the viscous
polymer fluid. Compared to the methods mentioned above, melting blending involves no harmful
solvent and insoluble polymers can be also processed by decreasing the viscosity at high
temperatures. The alignment of CNTs in the matrix may be achieved under certain processing
conditions, such as through injection molding162. However, the viscosity of the mixture increases
quickly with

increased CNT loading, limiting the application

of melt

blending.

MWCNT/polycarbonate 163 , MWCNT/nylon-6 164 , MWCNT/poly(ethylene 2,6-naphthalate) 165 ,
SWCNT/polypropylene 166 , and SWCNT/polyimide 167 have been reported to be successfully
processed by melt blending.
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Mixing Into Polymers after Chemical Surface Modification of Carbon Nanotubes
Other than simple mechanical exfoliation, surface modification of the CNTs by chemical
methods is often conducted to make the CNTs soluble in solvents and compatible with the
polymer matrix. Surface modification of CNT involves oxidization and funtionalization of CNT
walls, followed by ligand or polymer protection. The oxidation of CNTs relies on the surface
defects of CNTs since those defect sites have a higher reactivity. The defects are present on the
five-member rings168 at caps or on the side wall of CNTs, so called Stone-Wales defects, which
is comprised of two pairs of five-member and seven-member rings169. Typically around 1-3% of
the carbon atoms of a nanotube are located at a defect site170. An oxidation process involves
boiling CNTs in concentrated nitric and sulfuric acid171. As a result, the defects are decorated
with various oxygen containing groups (mainly carboxyl groups). The presence of the carboxyl
groups imparts certain solubility to the CNTs in organic solvents or aqueous solution. Further
attachment of suitable groups and molecular moieties through the carboxyl groups can improve
the solubility and biocompatibility of CNTs. In addition, by functionalizing CNTs with polymers
structurally identical or similar to the matrix polymer, homogeneous dispersion of CNTs in
polymer can be expected. One example is to functionalize the CNTs with poly(vinyl alcohol) by
esterification of carboxyl groups from oxidized CNTs with the pendant hydroxyl groups in the
polymer172. The PVA functionalized CNTs can be dissolved in hot water and simply mixed with
pure PVA to prepare CNTS/PVA nanocomposite. The Young’s modulus of the composite
increased by 25% with only 1 wt% loading of the PVA functionalized CNTs. Other functional
groups can be attached to CNTs by addition reactions, which allow the direct coupling of
functional groups onto the π conjugated carbon framework of the tubes. These possible reactions
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are shown in Figure 5-3173. For addition reactions, the reaction could take place not only at the
defective sites but also the intact sidewall.

Figure 5-3 An overview of possible addition reactions for the functionalization of nanotube
sidewall (Ref. 173, copyright request)
Other than the pure chemical processes mentioned so far, electrochemical174 and photochemical
functionalization175 is also possible to introduce functional groups or polymer encapsulation onto
the CNTs. Through suitable surface modification, the interface properties between the polymer
matrix and CNTs may be fine-tuned and improved. However, the problem of chemical
modification of CNTs is that the long range π conjugation of CNTs is substantially destroyed,
leading to a much reduced conductivity of CNTs.
5.2.2.2 In-Situ Polymerization
In-situ polymerization method starts with mixing CNTs with monomers followed by
polymerization of the monomers. Since the viscosity of monomer is generally much lower than
the resulting polymer, the dispersion of CNTs in monomers is comparably easier. During the
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polymerization of the monomer, well dispersed CNTs may be “frozen” in the resulting polymer
due to a quickly increased viscosity. For instance, Saeed176 reported the preparation of MWCNT
reinforced Nylon-6 by in-situ polymerization. Both pristine and acid oxidized MWCNTs were
used in the experiment and oxidized MWCNTs were found to have a better dispersion in the
polymer. A conductivity of 3.15×10-5 and 7.46 ×10-5 S/cm was obtained at a loading of 5 and 7
wt % of pristine and oxidized MWCNTs, respectively.
This method also opens a window for development of composites from polymers that are
insoluble or thermally unstable. For example, CNT/conducting polymer composites are often
prepared by in-situ polymerization due to the poor process ability of conducting polymers. Tang
et al. described formation of MWCNTs with poly(phenylacetylene) (PPAs) by in-situ catalytic
polymerization of phenylacetylene in the presence of CNTs. The in-situ polymerization of
aniline in the presence of multiwalled carbon nanotubes and (S)-(+)-10-camphorsulfonic acid
was also reported by Saniz177.
5.2.2.3 Third Component-Assisted Dispersion
Even though in-situ polymerization method has several advantages as described above, its
complex procedure still limits its applications, not to mention reduced physical properties of the
chemically treated CNTs. Therefore, another route, dispersion of CNTs in polymers through the
addition of a third component molecule or material, becomes more frequently employed.
Typically the third component molecule or material forms a thin molecular layer on the
exfoliated nanotube walls through noncovalent chemical interactions. This thin layer of
molecules and materials stabilizes the CNTs by providing a good solubility and polymercompatibility to the CNTs. By this way, good dispersion of CNTs in polymers can be achieved
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by a simple method without sacrificing the properties of CNTs. The following types of
molecules and materials have been used commonly to prepare CNT dispersion:
Surfactants
The most frequently used third components are surfactant molecules. Surfactants have been used
with a long history to disperse inorganic or polymer particles into aqueous solutions. A surfactant
normally is made of a long alkyl chain moiety and a polar head group. The mechanism of
stabilization of CNTs by surfactant is through electrostatic or steric repulsion. One of the most
significant examples is the dispersion of SWCNTs with sodium dodecylbenzene sulfonate
(NaDDBS)178. A high concentration of SWCNT dispersion in water (20mg/ml) was obtained using
NaDDBS. The stability of SWCNT was enhanced by a factor of 10 to 100 compared to other
commonly employed surfactants. The resulting suspension remained as a good dispersion for at least
3 months without sedimentation or aggregation. The reason for the good dispersion ability of
NaDDBS to CNTs was also investigated by comparing with other types of surfactants. It was found
that the benzene ring from NaDDBS induced π-π stacking-like structure on the surface of CNTs,
leading to increased binding and surface coverage of surfactant molecules to CNTs.

The

incorporation of NaDDBS-dispersed CNTs to polymers is further fulfilled by blending the dispersion
with colloidal polymer particles.
Dispersion of CNTs into a polymer system by the assistance of surfactants is a simple and costefficient way to prepare nanocomposites. However, surfactants are electrically and thermally
insulting. When CNTs are wrapped with the insulating surfactant molecules, the interfacial resistance
(both electrical and thermal) is expected to be high. Actually, it was demonstrated experimentally
that the thermal conductivity of a CNT/epoxy composite stabilized by surfactants was much lower
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than that of the composite without surfactant at the same CNT loading
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. In addition,

nanocomposites with a large amount of surfactants present are prone to be damaged by water and
their applications in the areas where water or moisture is involved are limited.
Conducting Polymers
Conducting polymers possess a long range π-conjugated structure and rigid backbones, which are
very similar to the chemical structures of CNTs. Therefore, it is expected that conducting polymers
can serve as a good dispersant for CNTs by π-π stacking interactions, another form of non-covalent
interactions. Unlike surfactants, conjugated polymers are conductive and hence, may reduce the
contact resistance between two CNTs by providing electron hopping or other electron transport
pathways. However, dispersion of CNTs into an insulating polymer matrix using conducting
polymers as the third component has not been well studied. To our best knowledge, only
Ramasubramaniam180 et al. reported that SWCNTs were incorporated into a polymer matrix using
poly(phenyleneethynylene) (PPE). SWCNTs were first dispersed in a chloroform solution of PPE.
The resulting solution was then mixed with polycarbonate (PC) or polystyrene (PST) to produce a
homogeneous nanotube/polymer composite. The percolation threshold of resulting composites was
found to be 0.05-0.1wt%. A nanocomposite with a high conductivity of 6.89 S/m at 7 wt% loading of
SWCNTs in PST was observed, which is 5 orders of magnitude higher than that (1.34×10-5 S/m) of a
SWCNT/polystyrene composite with 8.5 wt% of SWCNTs and prepared by in-situ polymerization.
The conductivity of SWCNT/PC using PPE as dispersant was even higher (4.81×102 S/m) at a
similar loading of CNTs (7 wt%).
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In the present work, a conjugated polymer with a better solubility than PPE in various organic
solvents, poly-3-hexylthiophene (P3HT), was investigated as a third component to facilitate the

dispersion of MWCNTs into a PMMA matrix.

5.2.3 Overview of the Present Work
As discussed previously, a good dispersion is critical to successfully utilize carbon nanotubes as
functional fillers to fabricate polymer composites with reproducible properties and good cost
efficiency. Herein, in present work, dispersion of CNTs using a conducting polymer P3HT was
tested and studied. The conducting polymer used in this research, poly-3-hexylthiophene (P3HT)
(Scheme 5-1), has a rigid aromatic backbone and alkyl side chains. Due to the π-π interaction
between P3HT and CNTs, it was expected that P3HT have a good affinity to CNTs and should
preferentially adsorb and wrap around CNTs. The alkyl side chain of P3HT would assist the
dispersion of P3HT and CNTs in organic environments, improving the miscibility of CNTs in
the polymer matrices. By using P3HT as a medium, a good dispersion of CNTs in insulating
polymer matrix may be accomplished by a simple solution process. Since only physical
interaction is involved, the intrinsic chemical structures and properties of CNTs are not changed
and deteriorated. An additional advantage of using conducting polymer as the third component is
that P3HT can further improve the conductivity of the composite material and a potential
synergetic effect between CPs and CNTs may be expected according to literature181.

157

*

S

S
S

*

n

Scheme 5-1 Structure of P3HT

It has also been demonstrated by our group that trifluoroacetic acid (TFA) can be used as a cosolvent with a range of organic solvents including dimethyl formide (DMF), tetrahydrofuran
(THF), and dichloromethane to effectively purify and disperse MWCNTs into these organic
solvents182. TFA is a strong (100,000-fold more acidic than acetic acid) but much less-oxidative
acid than nitric acid. The hydrophobic moiety of TFA, trifluorocarbon, along with a polar
carboxyl group provides a good salvation effect to organic compounds and materials. Therefore,
TFA can exfoliate CNTs bundles without oxidization. Hereby, TFA was used as a cosolvent in the
CNT-conducting polymer-host polymer ternary system in this experiment. Additionally, TFA
functions as a doping agent for P3HT and further increases the conductivity of the nanocomposite.
After the preparation of the MWCNT-P3HT-host polymer ternary system with the assistance of TFA,
dispersion of CNTs in the polymer matrix was further evaluated by SEM, optical microscopy, and

light transmittance study. The conductivity tests were carried out to measure the percolation
threshold of this ternary nanocomposite.
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5.3 Experiments
5.3.1 Preparation of MWCNT/P3HT/PMMA Nanocomposite
The preparation procedure follows the scheme as shown in Scheme 5-2. The head to tail coupled
poly(3-hexylthiophene-2,5-diyl) (P3HT) provided from Dr. Lei Zhai’ group was synthesized
using the McCullough method. The average molecular weight of P3HT is 20000 g/mol. The
solution of P3HT was prepared by dissolving 0.5wt% (based on PMMA) P3HT in 3 ml of
tetrahydrofuran (THF). Then 400 uL of trifluoroacetic acid (TFA) was added into P3HT solution.
To this solution, appropriate amount of multiwall carbon nanotube (varied from 0.00006 to
0.0125 g) from Aldrich (aspect ratio:around 50) or NanoLab (aspect ratio: 800) was added into
the P3HT solution. The mixture was sonicated for 2-3 minutes. It was observed that CNTs were
readily dispersed into the P3HT solution.
1 g of PMMA powder with an average molecular weight of 120000 g/mol (Aldrich) was added
into the mixture solution. The final MWCNT/ P3HT/ PMMA solution was sonicated until all the
PMMA powder was totally dissolved.
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Scheme 5-2 A development flow chart for the preparation and characterization of
MWCNT/P3HT/PMMA composite thin films

Composite films were obtained by casting the final MWCNT/P3HT/PMMA solution on a glass
slide by a drawdown bar (Paul N. Gardner Company, Inc) at 50 mils. The film was allowed to
dry at ambient condition for 48 hours. The thickness of the film is estimated to be 250 um
according to SEM images.
5.3.2 SEM Characterization
The specimens were coated with a Pd-Au film by an Emitech Magnetron Sputter Coater before
imaging in order to avoid electric charge build-up. The specimens then were observed by a JEOL
6400 SEM at an accelerating voltage of 5 kV.
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5.3.3 TEM Characterization
An appropriate amount of MWCNT/P3HT solution was dropcast onto an untreated holey carbon
coated TEM grid and the dried thin film sample was examined by a FEI Tecnai F30 TEM.
5.3.4 Carbon Nanotube Dispersion Study In Nanocomposite Film
For CNT dispersion study in nanocomposite films, two techniques were used. First, optical
microscope was used to examine the nanotube distribution visually. This study was conducted
only on low aspect ratio Type 1 MWCNT using an Olympus BX51 microscope with a
ColorView soft imaging system. Because the nanotube diameter of Type 1 MWCNT is in the
range of 110-170 nm, the nanotubes can be visually seen through the optical microscope. Images
were taken at different focus distances to reveal the distribution of the CNTs inside the
composite film. The second method is through transmittance study using a Cary 300 UV-Vis
absorption spectrometer equipped with a thin film sample holder. According to a recently
reported work by Wang et al.,52 the light transmittance of nanocomposite films is a good
indication for the dispersion of CNTs in polymer matrices. The transmittance spectra of
nanocomposite films were measured by the spectrometer and the transmittance at 700 nm was
normalized according to the polymer films without nanotubes added. A plot of normalized
transmittance versus mass fraction of CNT was used to assess the dispersion of MWCNTs in
nanocomposite films.
5.3.5 Conductivity Measurement
The room temperature dc electrical conductivity of the composite films was measured using a
standard two-probe technique. The nanocomposite films were first sand-polished slightly to
expose the inner surface of the films. Then conductive silver paint strips were applied on the film
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surface as source and drain electrodes. The silver paint coating provides a good contact with the
filler network within the specimen. The electrodes were spaced approximately L = 5 to 10 mm
apart and were w = 20 mm in length. Data was collected by means of LabView interfaced with
the Keithley 2400 for samples with lower resistance and the Keithley 6517A was used for
samples with higher resistance. The resistance R was extracted from the linear I-V curves that
were taken from -2 to 2 V, which was reproducible over several sweeps. The conductivity was
determined by the equation σ=L/(R*w*t), where t is the thickness of the film. The thickness of
the films was obtained from SEM study of the cross section of the broken films. For some
samples, the conductivity was also measured with four probe technique and the results were in
good agreement with the two-probe method.

5.4 Results and Discussion

5.4.1 Dispersion of Carbon Nanotube in Carbon Nanotube/P3HT/PMMA Solutions and
Composite Films
The dispersion of MWCNTs in the presence of TFA with conjugated polymer P3HT was studied.
First, P3HT was readily dissolved in THF. Then, the comparative experiments, dispersion of
CNTs with and without TFA, were carried out. Without adding TFA to the solution, it takes
more than 1 hour of sonication to obtain a relatively good dispersion of MWCNTs in P3HT
solution, as examined visually. When MWCNTs were added to P3HT solution in 10% TFA/THF,
a good dispersion was obtained after only 2-3 minutes of sonication. The dispersion was further
examined by SEM study. From a representative SEM image (Figure 5-4), it can be seen that the
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nanotubes were distributed very uniformly in P3HT matrix throughout the graphite substrate
(Figure 5-4a and b). The P3HT polymer was doped by the acid, as indicated by a strong color
change of the polymer solution from orange to dark purple upon addition of TFA. The doped
polymer clearly had a significant role at assisting carbon nanotube dispersion, most likely due to
a strong - interaction between conjugated polymer P3HT and carbon nanotube wall. Such
interactions have been observed and confirmed in many reports on carbon nanotube dispersion
using conjugated polymers184-195. The dispersed carbon nanotubes can be separated from P3HT
solution by simple centrifuge and readily redispersed in THF. No obvious tube-tube bundling
was observed from the redispersed CNTs (Figure 5-4c).
Nanocomposite thin films with a thickness around 250 m were prepared by simply casting the
dispersed carbon nanotube/polymer solution on glass substrates using a drawdown bar followed
by drying in air. The dispersion of CNTs in nanocomposite films was first examined by optical
microscope. For each film, multiple images were taken at different focus distances to reveal the
distribution of the CNTs inside the composite film. Figure 5-5 a-d are a few representative
images of MWCNT/PMMA and MWCNT/P3HT/PMMA composite films with different loading
ratios of MWCNTs. Overall, carbon nanotubes are uniformly distributed through the polymer
matrix at the loading ratios as shown. A closer look and comparison of multiple images revealed
that the CNTs distribute more uniformly in the ternary composite with P3HT present (Figure 55c-d) versus the CNT/PMMA binary nanocomposite (Figure 5-5a).
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Figure 5-4 SEM images of P3HT-MWCNT mixture or MWCNT dispersed by P3HT and
purified by centrifuge. (a) P3HT-MWCNT (aspect ratio:50); (b) P3HT-MWCNT (aspect
ratio:800); (c) MWCNTs with aspect ratio of 1000 that were dispersed in P3HT and then
excessive P3HT was removed from the solution by centrifuge.

164

165

Figure 5-5 Optical images revealing the distribution of MWCNTs (aspect ratio: 100) in
composite films. (a) MWCNT/PMMA film with 0.25 wt% of MWCNTs; (b-d)
MWCNT/P3HT/PMMA film with (b) 0.07 wt%; (c) 0.13 wt%; and (d) 0.19 wt% of MWCNTs.
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The dispersion of CNTs in the ternary composite films was further examined by light
transmittance study. A recent study reported by Wang et al. has shown that light transmittance of
a nanocomposite film can be used to estimate the dispersion of carbon nanotube fillers in the
polymer matrix. Overall, light transmittance of a carbon nanotube-polymer composite film will
decrease with increasing nanofiller content. With better nanotube dispersion, the light
transmittance will decrease more slowly. Shown in Figure 5-6 are plots of film transmittance at
700 nm versus MWCNT content. Similar to the work reported by Wang52, the plots show an
exponential decay relationship. For the low aspect ratio Type 1 MWCNT, the decay rate
observed from our study is very similar to the results observed by Wang from a chemicallyoxidized carbon nanotube composite. The advantage of our composite system is that the
structures of the carbon nanotubes remain intact and as shown later, P3HT further improved the
electrical conductivity of the nanocomposite. For the higher aspect ratio Type 2 MWCNTs, the
light transmittance decrease more quickly with increasing CNT content. However, we believe
this is mainly due to the difference in the number of carbon nanotubes per unit weight.
According to the dimensions of the two types of MWCNTs, we can roughly estimate that the
number of carbon nanotubes per unit weight for high aspect ratio Type 2 MWCNT is about four
times higher than low aspect ratio Type 1 MWCNT. At the same mass fraction, the number of
Type 2 MWCNTs in the nanocomposite is four times higher than the number of Type 1
MWCNTs. This explains the lower light transmittance of Type 2 MWCNT nanocomposite films
versus Type 1 MWCNT nanocomposite films.
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Figure 5-6 Plots of normalized transmittance of the MWCNT/P3HT/PMMA composite films at
700 nm with different content of MWCNTs.

5.4.2 Structural Analysis of the Composite Film
Another structural factor that may influence the conductivity of composite materials is that P3HT
has a tendency to form self assembled crystalline structures due to the long range rigid π-π
stacking interactions. The morphology of P3HT, amorphous or crystalline, will affect the
conductivity since a long range ordering of the conductive backbone of P3HT is likely to
facilitate the electron and charge transfer. XRD analysis was conducted on a P3HT/PMMA film
to study the crystallinity of P3HT in PMMA. The XRD spectrum is shown in Figure 5-7. Three
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broad bands with an elevated background are observed, which indicate that most likely P3HT
exists in PMMA matrix in an amorphous state.
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Figure 5-7 XRD spectrums of the P3HT/PMMA

5.4.3 Electrical Conductivity Study of Carbon Nanotube/P3HT/PMMA Nanocomposite Films
Carbon nanotubes have been demonstrated as by far one of the best nanofiller materials for
transforming electrically nonconducting polymers into conductive materials. The electrical
conductivity was measured on nanocomposites with different loading ratios of MWCNTs. For
MWCNT/P3HT/PMMA ternary composites, the weight of conjugated polymer P3HT was fixed
at 0.5 wt% (relative to PMMA). The plots of conductivity versus MWCNT loading ratio are
summarized in Figure 5-8 a and b for binary and ternary nanocomposites, respectively. For all
the nanocomposites prepared in this study, the conductivity follows a typical percolation scaling
law. A percolation threshold is a particular nanofiller loading ratio where dramatic conductivity
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increase may be observed. This value is closely related to the dispersity of nanofillers in the
polymer matrix and also the aspect ratio of carbon nanotubes.

Before studying the electrical conductivity of ternary MWCNT/P3HT/PMMA nanocomposites, a
PMMA composite with 0.5 wt% P3HT added was first measured. This composite exhibits a
conductivity of 5×10-8 s/cm. The reported conductivity for pure PMMA is in the order of 10-12
S/cm.60 This result indicates that the addition of conjugated conducting polymer can improve the
conductivity of insulating polymer a few orders of magnitude. At a loading ratio of 0.08 wt% of
lower aspect ratio Type 1 MWCNTs, the conductivity of the composite increased to 10 -4 S/cm
rapidly. It should be noted here that in most reported nanocomposites using a similar aspect ratio
(~100) of MWCNTs as in our study57-59, percolation thresholds fall in the range of 1.44-7.5 wt%.
The decreased percolation threshold of our composites is a strong evidence of a better dispersion
of CNTs in the polymer matrix. As for the high aspect ratio Type 2 MWCNTs, the conductivity
increased to 10-4 S/cm at 0.006 wt% nanotube loading ratio. At this nanotube loading ratio, the
nanocomposite film appeared as a burgundy-colored transparent film. The dramatic conductivity
increase of the nanocomposite with extremely low content of MWCNTs is attributed to a good
dispersion of MWCNTs in polymer matrix and the enhanced conductivity by conjugated
polymers. We surmise that the addition of conjugating conducting polymers to the CNT/host
polymer nanocomposites can improve the conductivity of the nanocomposites by reducing the
electron hopping barrier energy between the carbon nanotubes.61 Furthermore, the doping effect
of TFA on conjugated polymer P3HT should also enhance the conductivity of the composite
film.
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Figure 5-8 The conductivity results for PMMA/P3HT/MWCNT with (a) aspect ratio: 50 and (b)
aspect ratio: 800

5.5 Conclusion
In summary, we demonstrated in this study that MWCNTs can be homogeneously dispersed into
PMMA with the assistance of P3HT doped with TFA. No bundle of CNTs was observed from
SEM and optical microscopic images. All the nanocomposite materials prepared from P3HTdispersed carbon nanotubes showed significantly lower percolation thresholds of electrical
conductivity compared to nanocomposites using similar types of MWCNTs, but processed using
other reported methods. The percolation threshold of the ternary-component nanocomposite
prepared from MWCNT, conjugated polymer P3HT and PMMA was measured to be 0.006 wt%.
At this extremely low CNT loading ratio, the conductivity of the nanocomposite has already
risen to 10-4 S/cm. This type of nanocomposite materials is well suitable to many electronics and
packaging applications62,
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, where a good conductivity with a low nanofiller content is

important.
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CHAPTER 6. CARBON NANOTUBE/CONJUGATED POLYMER
COMPOSITE MATERIALS FOR SUPPERCAPACITOR
APPLICATION
6.1 Abstract
The binary CNT/Conjugated polymer composites were prepared by directly mixing pristine
CNTs with two conducting polymer solutions, P3HT or an conjugated block copolymer, poly(3hexylthiophene)-block-polystyrene

(P3HT-b-PS).

The

potential

to

use

those

MWCNT/conducting polymer composites for suppercapacitor applications was investigated by
Cyclic Voltammetry (CV), Electrochemical Impedance Spectroscopy (EIS) and chargingdischarging cycles. Experimental results revealed that P3HT-b-PST exhibited the highest
capacitance (197.5 F/g) and the longest discharging time, 1600 s, indicating an ideal capacitance
behavior. On the other hand, conducting homopolymer, a moderate capacitance of 146 F/g, and
51.2 F/g, was observed from P3HT and MWCNTs, respectively. In addition, P3HT-b-PST was
found to be able to improve the overall performance of the MWCNT/P3HT-b-PST composite,
while MWCNTs can reduce the internal resistance of P3HT-b-PST. The composite material
combined from those two materials is, hence, a promising material for supercapacitor application.
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6.2 Introduction
Traditionally, a majority of nanocomposite research has been focused on the dispersion of
conductive nanofillers such as CNTs in an insulating polymer matrix. In this case, conducting
polymers are simply used as a third component to help disperse CNTs in the insulating polymer
matrix. In recent years, binary nanocomposites prepared from carbon nanotubes and conjugated
polymers have found much increased attention183. The electrical conductivity of CNT/conducting
polymer binary composites is often very high because of the lack of insulating polymer matrices,
close to the conductivity of pure CNT materials, such as bucky paper. These nanocomposites
have many important application potentials, including electrochemical capacitors 184 , solar
cells185, gas sensors186, electromagnetic absorbers187, optical limiting devices188, etc. Similar to
the preparation of other CNT nanocomposite materials, the CNT/conducting polymer composites
can be prepared by (i) direct mixing of the conducting polymer with CNTs, (ii) chemical
polymerization of monomers in the presence of CNTs and (iii) electrochemical synthesis of
conducting polymers on CNT electrodes. Different fabrication methods may result in different
materials.
Among the many applications of CNT/conducting polymer nanocomposites, we are particularly
interested in their applications in energy storage devices such as supercapcitors and batteries.
Since 1999, research has been conducted to explore the potential use of CNTs as electrode
materials for supercapacitors 189 . Supercapacitors are electrochemical capacitors based on a
double layer structure formed at the interface between a solid electrode and a liquid electrolyte in
the micropores of the electrode as shown in Figure 6-1 190 . Charges can be accumulated and
173

stored by the formation of a double layer after the electrodes are polarized. When the
supercapacitor is exposed to an external load, the charges will dissipate, resulting in a current
flow through the load.

Figure 6-1 An illustration of a double layer supercapacitor (Ref. 190, copyright request)

As illustrated by Figure 6-1, each electrode of a supercapacitor cell can be considered as a single
capacitor. The double layer capacitance of one electrode is determined by Cdl =εA /4πd, where
εis the dielectric constant of the electrical double-layer region, A is the surface area of the
electrode and d is the thickness of the electrical double layer. Normally, the specific capacitance,
which represents the capacitance per unit mass of the material, is reported in order to compare
materials with difference surface areas. The specific capacitance can be obtained by C/g =
(F/cm2) ×(cm2/g) 191 . A total capacitance of a capacitor cell then can be calculated by the
equation47:
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As we can see from the formulas, the capacitance is largely dependent on the surface area of the
electrode. Therefore, materials used in supercapacitors mainly are microporous conductive
materials with a high surface area, such as active carbon, carbon black, graphite powder and so
on192.
Due to the high surface area (>1500 m2/g) of the electrode material and the extremely small
value (0.3~0.5nm) of the double layer thickness48, supercapacitors provide a much higher
capacitance compared to conventional electrostatic capacitors. The energy (E) and the power (P)
of supercapacitors are calculated according to

Where U is the capacitor voltage and Rs is the equivalent series resistance. As an alternative
power source to batteries, supercapacitors have much higher power, much longer shelf and cycle
life than batteries47. Therefore, they can be used for various applications, such as in electric
vehicles, support for fuel cells, uninterruptible power supplies, memory protection of computer
electronics and communication device.
It has been demonstrated that CNTs, which have a large surface area and high conductivity, are
suitable materials for supercapacitors. The specific capacitance values of CNT that have been
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reported from the literature are 75~180 F/g193, which is similar to other carbon materials, such as
active carbon, carbon fibers (12~175 F/g)197. Conducting polymers are later combined with
CNTs to form nanocomposites as active electrode materials to enhance the overall capacitance.
The reason is that, in addition to double layer charging, conducting polymers can provide a so
called pseudocapacitance by reversible Faradaic redox reaction. During the redox reaction,
charge transfer takes place in the polymer. Hence, the pseudocapacitance is given by C=dQ/dU,
where Q is the charge. This process is remarkably different from the double layer capacitance, in
which there is no charge transfer involved. The redox charge transfer process in a
pseudocapacitor is not limited at the interface as the case of double layer capacitor mentioned
earlier. As a matter of fact, charges are stored throughout the entire electrode materials.
Therefore, a much larger capacitance can be obtained from pseudocapacitors.
However, conducting polymer alone is not an ideal material for supercapacitor development due
to a general poor mechanical property, lack of long-term stability, and relatively low
conductivity at undoped state. CNTs, on the other hand, are ideal materials to significantly
improve the electrical conductivity as well as the mechanical properties of the composites,
making these composite materials much more suitable for supercapacitor development.
Nanocomposites that have been investigated in this area are listed in Table 6-1194. Polypyrrole,
polyaniline and poly(3,4-ethylenedioxythiophene) prepared by chemical or electrochemical
polymerization have been used to form composites with CNTs, giving rise to capacitance of 72660 F/g201. The capacitance values are much larger than those obtained from only CNTs.
However, it can be seen from the data that the capacitance value varies significantly from one
processing method to another, even when the same compositions were used in the fabrication.
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Therefore, the preparation of nanocomposites and the methods used to fabricate electrodes may
greatly affect the final performance of the supercapacitors.
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Table 6-1 The list of literature results for CNT/conducting polymer composites as supercapacitor materials
Year

CNT

Conducting polymer

Preparation Method

2001

MWCNTs

polypyrrole (electrochemical)

Press into bulky paper or
pellets, gold collectors

141-163, 2000 cycles

2001

SWCNT, MWCNT

polypyrrole (chemical)

Press into bulky paper or
pellets
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2002

MWCNTs (functional polypyrrole
groups)
with CNTs)

2002

SWCNTs

polypyrrole
(in
situ
chemical rolled into sheet and then
polymerization, together with CNTs)
pressed on Ni foam under
1000psi

2002

MWCNTs

polypyrrole (electrochemical)

Press into bucky paper or
pellets
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2002

MWCNTs (aligned)

polypyrrole (electrochemical)

electrodeposition on platinum
wire

2.55 F/cm2

2003

MWCNTs

polypyrrole,
poly(3-methoylthiophene) pressed under 10 Mpa onto
(chemical in-situ polymerization)
nickel foam

87, 45, 72 (asymmetric)

poly(3,4-ethylenedioxythiophene)
(PEDOT)(chemical and electrochemical)

160, 120 in 1M H2SO4

(electrochemical,

together electrodeposition on graphite

Capacitance (F/g)

192
265 (25wt% acetylene
black)

(acid treated)
2004

MWCNT
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pressed into pellet

2004

MWCNTs

polypyrrole (electrochemical)

electrodeposition on gold disk

240

183

(acid treated)
2005

CNTs (acid treated)

polyaniline (chemical)

pressed under 15 Mpa

2006

SWCNTs

polyaniline (electrochemical)

electrodeposite onto stainless
steel

2006

MWCNTs

PEDOT,
(chemical)

2007

SWCNTs (pristine or polypyrrole (electrochemical)
acid treated)

2007

MWCNTs

polypyrrole,

polyaniline pressed into pellet
electrodeposition on Tantalum
electrode

polyaniline
(in
situ
chemcial cast on Ti foil, roll pressed
polymerization, together with CNTs)
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485 (73% PANI), 1000
cycles
320 (asymmetric), 3000
cycles
200
606

It has been demonstrated in Chapter 5 that P3HT can be used to effectively disperse CNTs and to
prepare CNT/P3HT binary nanocomposite. In addition, an conjugated block copolymer (Scheme 6-

1), poly(3-hexylthiophene)-block-polystyrene (P3HT-b-PS), was found to be an even better
dispersant for carbon nanotubes according to a recent study byL. Zhai and Q. Huo et al.195 Based
on the similar reason mentioned previously, the P3HT segment in P3HT-b-PS block copolymer
can form a close interaction with the exfoliated CNTs, while the PS block acts as protective and
functional layer to provide the CNT with a good solubility and miscibility. The as-dispersed
CNTs are very stable, no precipitation was found even after one year of standing at room
temperature. By using two components, block copolymer and CNTs, a binary composite with
conductivity of 30-100 S/cm was prepared. This type of composite is a promising material for
supercapacitor application. Hence, in this present work, Cyclic Voltammetry (CV),
Electrochemical Impedance Spectroscopy (EIS) and charging-discharging cycles were used to
evaluate the performance of MWCNT/ P3HT-b-PS composite as an active material for
supercapacitors. Pure MWCNT film and MWCNT/homepolymer poly (3-hexylthiophene)
composites were also studied comparison.

Scheme 6-1 Structure of poly(3-hexylthiophene)-block-polystyrene
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6.3 Experiments
The MWCNTs dense layer was obtained by depositing the MWCNTs solution dispersed in a
mixture solvent of 10% TFA in chloroform onto a graphite electrode with an area of 1 cm2. The
binary MWCNT/conducting polymer composite films were prepared according to the following
procedure. 1.7 mg of MWCNTs was directly added into a solution made from dissolving 2.4 mg
of conducting polymers in 3 ml of mixed 10% TFA/chloroform with gentle sonication. For block
copolymer, P3HT-b-PST, the effective content of P3HT was kept as 2.4 mg. The composite
films were fabricated by drop casting the CNT/conducting polymer solutions on a graphite
electrode. A solution of 0.1 M tetrabutylammonium hexafluorophosphate (TBAF) in acetonitrile
was used as the electrolyte for all the electrochemical measurement. Cyclic voltammetry (CV)
was collected by a CHI-700C computerized general purpose potentiostat /bipotentiostats /
galvanostat (CHI Instruments) at a scan rate from 10 to 50 mV/s. A three electrode configuration
was employed using a saturated calomel electrode (SCE) as the reference electrode and a
platinum wire as the counter electrode. Electrochemical Impedance Spectroscopy (EIS) was also
measured with the same setup and the frequency range is 0.01 to 100000 HZ.
Chronopotentiometry test with anodic current of 1 mA and cathodic current of 0 mA was carried
out to obtain the charging-discharging curve. The cut-off voltage was set to be 0 to 1 V.
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6.4 Results and Discussion
6.4.1 Cyclic Voltammetry Study
The capacitance C of an electrode material can be calculated using the formula of C (F/cm 2) =
It/ΔU, where I is the current, t is the time and ΔU is the change of voltage. The CV measurement
collects the currents corresponding to voltages that vary at a certain rate. Therefore, by dividing
the collected current by the scan rate (ΔU/t), the data obtained from CV tests can be presented
with capacitance to voltage as shown in Figure 6-2. The capacitance of the electrode materials
can be estimated from the equation: C=1/2(Cox-Crd), where Cox and Crd are the capacitances from
the oxidation and reduction curve, respectively. As we can see from Figure 6-2, the capacitance
of the three pure materials, MWCNTs, P3HT and P3HT-b-PST, increases in the sequence of:
MWCNTs < P3HT < P3HT-b-PST. The capacitance results are summarized in Table 6-2. The
capacitance of the conjugated block copolymer P3HT-b-PST is 197.5 F/g, which is more than 3
times of that was observed from MWCNTs. The MWCNT/conducting polymer composites show
moderate capacitance values, 91.46 F/g for MWCNT/P3HT and 102.43 for MWCNT/P3HT-bPST, respectively.
Figure 6-2 a also reveals that the CV curve of MWCNTs has a regular shape except for that it is
tilted from the horizontal line, suggesting a high internal resistance. The capacitance of
MWCNTs remains almost constant over the entire voltage range due to the nature of the double
layer capacitance. For P3HT and P3HT-b-PST, small redox peaks (Figure 6-2 b and c) can be
observed from both conducting polymers at a scan rate of 10 mV/s. Their CV curves also
exhibits a rectangular-like and symmetric shape, indicating an ideal capacitance performance.
However, the large capacitance can be only obtained after the oxidation reaction occurs. It is
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because that this type of pseudocapacitor replies on the charge transfer during the doping and
undoping process of the conduting polymers. The composites made from MWCNT/conducting
polymer, on the other hand, give CV curves with irregular shapes. The curves (Figure 6-2 d and e)
can be simply considered as a combination of CV curves from pure CNTs and pure conducting
polymers. Before the redox reaction of conducting polymers takes place, the capacitance mainly
arises from the double layer capacitance of CNTs. When a voltage higher than the oxidation
potential of the conducting polymers is applied, a large capacitance starts to be observed due to
pseudocapacitance of the conducting polymers. It is also worth to mention that the curve for
MWCNT/P3HT-b-PST is not as tilted as that of MWCNTs. This observation suggests that
P3HT-b-PST can effectively reduce the contact resistance either among CNTs or between CNTs
and the graphite electrode.
The scan rate was also varied during CV measurements. As shown Figure 6-3 a, the curve for
MWCNTs expanded uniformly at all voltages due to the fact that the current increases with scan
rate. For conducting polymers, however, the curves gradually deviate from the rectangular shape
when the scan rate increases (Figure 6-3 b-e). This resistance-like electrochemical behavior
shown at a high scan rate (50mV/s) is believed due to the slow diffusion process of the
counterions entering into the conducting polymers.

183

0.10

0.14

(b)

MWCNT

0.12

P3HT

0.08

2

Capacitance (F/cm )

2

Capacitance (F/cm )

(a)

0.10
0.08
0.06
0.04

0.06
0.04
0.02
0.00
-0.02

0.02
-0.04

0.00
0.0

0.2

0.4

0.6

0.8

1.0

0.0

1.2

0.2

0.4

0.6

0.8

Voltage (V)

Voltage (V)
0.10

P3HT-b-PST

Capacitance (F/cm )

0.10

(d)

MWCNT/P3HT

2

2

Capacitance (F/cm )

(C)
0.08
0.06
0.04
0.02
0.00
-0.02
-0.04

0.08
0.06
0.04
0.02

-0.06
0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1

1.2

0.00
0.0

Voltage (V)

0.1

(e)
2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

Voltage (V)

0.08

Capacitance (F/cm )

0.2

MWCNT/P3HT-b-PST

0.06
0.04
0.02
0.00
-0.02
0.4

0.6

0.8

1.0

1.2

Voltage (V)

Figure 6-2 CV curves of MWCNTs (a), P3HT (b), P3HT-b-PSY (c), MWCNT/P3HT (d) and
MWCNT/P3HT-b-PST (e) at a scan rate of 10 mV/s
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Table 6-2 A summary of the capacitance results for different electrode materials
Volume Specific Capacitance
based on CV (F/cm2)

Weight Specific Capacitance based on CV
(F/g)

MWCNT

0.014

51.21

P3HT

0.04

146.34

P3HT-MWCNT

0.025

91.46

P3HT-PST

0.054

197.5

P3HT-PST-MWCNT

0.028

102.43

6.4.2 Charging-Discharging Study
Charging-discharging cycle was also conducted to evaluate the performance of the electrode
materials. During the measurement, the electrode material was first charged with a constant
current (1mA) until the potential reached 1 V. The current was then removed and a load was
automatically added by the instrument to draw the cell back to its open circuit potential. The
longer time it takes for the cell/electrode to return to its open circuit potential is an indication of a
better capacitor. It is shown in Figure 6-4 a-c that the voltage of MWCNTs electrode drops back
to its open circuit potential within about 30 seconds, while it takes 900 seconds and 1600
seconds for the P3HT and P3HT-b-PST electrode respectively to return to the original open
circuit potential. The composites (Figure 6-4 d and e) exhibit moderate values, 50 seconds for
MWCNT/P3HT and 270 seconds for MWCNT/P3HT-b-PST. We can see that P3HT only
slightly improve the overall performance of the composite, while P3HT-b-PST extends this
charge dissipation time by approximately a factor of 9.
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Figure 6-3 CV curves of MWCNTs (a), P3HT (b), P3HT-b-PSY (c), MWCNT/P3HT (d) and
MWCNT/P3HT-b-PST (e) at different scan rate: 10, 20 and 50 mV/s
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Figure 6-4 Charging-discharging curves (I=1mA) of MWCNTs (a), P3HT (b), P3HT-b-PSY (c),
MWCNT/P3HT (d) and MWCNT/P3HT-b-PST (e)
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6.4.3 Electrochemical Impedance Spectroscopy (EIS) Study
For superconductors, the power density is inversely related to the internal resistance of the
supercapacitor cell (P=U2/4Rs). A low internal resistance is important for achieving a
supercapacitor with a high power density. EIS was used in this study to analyze the internal
resistance of the materials on the electrode. The Nyquist plot of EIS results obtained from
experiments consists of a hemi-circle and a linear portion at lower frequency. From the intercept
of the hemi-circle with the Zreal axis, one can read the resistance of the electrolyte, while the
internal resistance due to film resistance, charge transfer resistance and the interfacial resistance
can be obtained from the intercept of the extrapolated linear portion of the curve with the Zreal
axis. From the EIS data as presented Figure 6-5, the internal resistance of electrodes made from
MWCNTs, P3HT and the composite of MWCNTs with P3HT is 35, 15, and 25 Ω, respectively.
On the other hand, P3HT-b-PST electrode shows the highest internal resistance of 55 Ω, due to
the presence of PST insulating segment (see Figure 6-6). With the addition of MWCNTs, the
resistance of MWCNT/P3HT-b-PST composite electrode decreases to about 35 Ω. Despite these
minor differences, the internal resistances of electrodes made from MWCNTs, P3HT, P3HT-bPST and their composites are very close to each other. In other words, it can be expected that the
power density of the supercapacitors made from these different materials should be close to each
other. However, the discharging speed indicates that the conjugated block copolymer, P3HT-bPST and its composite MWCNTs, should give much increased specific energy to the
supercapacitor compared to MWCNTs alone.
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Figure 6-5 EIS spectrum for MWCNT, P3HT and MWCNT/P3HT
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6.5 Conclusion
In this work, the application of MWCNT/conducting polymer composites as supercapacitors was
investigated by CV, EIS and charging-discharging cycle. The results from CV measurements
indicated that the block copolymer, P3HT-b-PST, behaved like an ideal capacitor and showed
the highest capacitance (197.5 F/g), even higher than the conjugated homopolymer P3HT
(146.34 F/g). The block copolymer also exhibits the longest discharging time of 1600s as
revealed from charging-discharging cycle experiments. The composites made of MWCNT and
conducting polymers have a moderate capacitance compared to pure conjugated block
copolymer. However, MWCNTs increase the overall conductivity of the MWCNT/P3HT-b-PST
composite, and also possibly the mechanical property and long-term stability of the material.
Therefore, the composites materials of MWCNTs with conjugated block copolymers should be a
good candidate material for supercapacitor applications.
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